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THE SUSPENSION SPABILITY OF THE BLOOD 


ROBIN FAHRAEUS 
Laboratory of Pathology, Uppsala, Sweden 


During the last decade more and more attention has been paid—in 
Scandinavia and Germany in particular—to a new clinical form of 
examination of the blood, namely, ‘the determination of the sedimenta- 
tion velocity of the red blood corpuscles, or,in terms of colloid chemistry, 
the determination of the suspension stability of the blood. 

HIsTORICAL REVIEW (1, pp. 3-69). After a break of nearly 100 
years, the study of a problem that has played a unique part in the earlier 
history of medicine has thereby been resumed. That such was the case 
is explained by the fact that no other reaction of the organism in disease 
exists that affects the appearance of drawn blood in such a conspicuous 
manner as an increased sinking velocity of the red corpuscles.) For'in 
most diseases this velocity is so strongly increased that the red corpuscles, 
situated in the uppermost layer of the blood, have time to form a sedi- 
ment before the plasma coagulates! As a consequence the upper portion 
of the blood-clot comes to consist of a more or less thick fibrinous layer, 
which does not form in the blood of a healthy person, in whom the 
corpuscles sink comparatively slowly. The appearance of this fibrinous 
layer was not merely interpreted as a symptom of disease; it was 
considered that the substance of which it was made up constituted the 
injurious matter which, having been aggregated in the vascular system, 
represented the true cause of the disease. 

According to the pathology of antiquity, as expounded by Hippoc- 
rates and Galen, health was conceived as dependent upon the normal 
mixture of the four fluids which were believed to compose the vascular 
contents, thus forming what we call blood. Asis well known, these four 
fluids were: the yellow bile, cholera—the serum which separates from the 
blood-clot; the black bile, melancholia, seemingly collecting as a dark 
colored substance in the lowermost portion of the blood-clot; blood in 
the restricted sense of the word, sanguis, the upper bright red portion 
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of the blood-clot in contact with the air (the black bile and the “blood” 
thus corresponding to the red corpuscles); and the mucus or phlegma, 
answering to what we now call fibrin. From a theoretical point of view, 
disease might arise as a result of the increase of any of the four fluids, 
but in reality the accumulation of the phlegma in the vascular contents 
was thought to be by far the most important cause of almost all diseases. 
The principal reason for this was the above-mentioned observation that 
blood drawn from most diseased persons was found covered with a 
fibrinous layer—a fact which the Hellenic physicians naturally thought 
to be a consequence of the phlegma having unduly increased in the 
vascular system. Moreover it was known at that time that the clotting 
of blood depends on the coagulation of the phlegma—a process which 
was considered to take place in the organism when this fluid had accu- 
mulated in the vessels, thereby giving rise to formations which we should 
call thrombi. 

This view was substantially supported by the fact that well-marked 
so-called fibrin coagula, arising post mortem in the heart and in the large 
vessels in a perfectly analogous manner to the above-mentioned fibrinous 
layer in drawn blood, are found at autopsy of persons who have died 
from disease, being absent on the other hand in cases of violent death. 

The downfall of the antique four-fluid theory in modern times did not, 
as a matter of fact, d minish the importance of the fibrinous layer. In 
the literature of the 17th, 18th and 19th centuries, this formation is 
known under many names such as crusta inflammatoria, phlogistica, 
pleuritica—couenne du sang—buffy coat—Faserstoffhaut, Speckhaut. 
Thus altered, the blood was called buffy or sizy, the Germans named it 
“zerfallenes Blut.” 

The Greeks were right when they believed that the clotting of blood 
depended on coagulation of the phlegma; the old physicians of later 
times were wrong when they thought that clotting was due to the clus- 
tering of the red corpuscles. The existence of these formations having 
been demonstrated by aid of the microscope, the blood was considered 
to consist of only two main constituents, namely, the red cells and what 
we now call serum. The consequence of this oversight was that the 
fibrin collecting at the top of blood drawn from diseased individuals 
was interpreted as a substance entirely alien to the composition of normal 
blood, the presence of which was thought to explain the most varied 
clincial symptoms, as fever, perspiration, eruption on the skin and so 
forth. The buffy coat was as a matter of fact the salient point in the 
general pathology of the clinical leaders of that time. Sydenham (60), 
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for instance, believed the common cause of all febrile diseases to be an 
inflammation of the blood, the pathognomonic sign of which was the size. 
Boerhaave (10) thought that all disturbances of the circulation in 
disease were due to the same substance lodging in the narrow vessels. 

To give only an idea of the significant bearing of these observations 
on the treatment of disease, it may be mentioned that the theoretical 
argument in favour of venesection—the supreme method of treatment 
for thousands of years of medicine—was founded on the conception 
that by emptying the vessels of their contents the organism could be 
relieved more or less from the materia morbificans, i.e., the substance of 
the buffy coat. 

As will be seen by the following, the sedimentation velocity of the 
red corpuscles is increased during one physiological condition, namely, 
pregnancy. Pregnant women had buffy blood and were therefore 
victims to blood-letting in a formidable degree, a procedure still in use 
at the beginning of the last century. 

As the conception of the humoral causes of disease was supplanted by 
the cellular pathology of Virchow, the changes in the blood were rele- 
gated to the background, and after a few decades the existence of the 
crusta inflammatoria was completely forgotten—a fact to which the 
discontinuance of venesection naturally contributed. 

Prior to this, however, considerable advance had been made in the 
scientific study of the sizy blood and its nearest causes. For the first 
time it was pointed out by the early deceased English physician, William 
Hewson (1772) (23, pp. 1-90), that “The inflammatory crust or size is 
not a new-formed substance, but is merely the coagulable lymph sepa- 
rated from the rest of the blood,” and further this eminent hematologist 
gave utterance to the opinion, that of the two circumstances which 
separately or together could give rise to the size, namely, delayed coag- 
ulation or increased sedimentation velocity, the latter factor had by 
far the greater influence. 

Light had also been thrown on the question why the sinking velocity 
of the red corpuscles was increased. In his lectures during the year 
1786, John Hunter (26, I p. 235) described pathological blood in the 
following manner: “In all inflammatory dispositions in the solids, 
whether universal or local, the blood has an increased disposition to sepa- 
rate into its component parts, the red globules become less uniformly 
diffused, and their attraction to one another becomes stronger, so that 
the blood when out of the vessels soon becomes cloudy or muddy and 
dusky in its colour, and when spread over any surface it appears mottled, 
the red blood attracting itself and forming spots of red.”’ 
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The most exhaustive inquiry into the causation between sizy blood, 
sedimentation velocity and aggregation of the red corpuscles is however 
due to the German investigator Hermann Nasse (1836) in his extensive 
hematological work, Das Blut (42); in which hundreds of pages refer 
solely to the problem of the buffy coat. In an excellent manner he here 
proves that the buffy coat as a rule owes its origin to an increased sinking 
velocity of the red corpuscles, and that, furthermore, this phenomenon 
must have something to do with the peculiar clustering tendency of the. 
red corpuscles. He says: “So wenig man nun einen directen Einfluss 
der spezifischen Schwere der Blutkérperchen anzunehmen geneigt sein 
kann, so wenig ist ein indirecter, bisher von niemand anerkannter zu 
laugnen. Bei der mikroskopischen Untersuchung des Blutes hatte ich 
gefunden, dass die Kérnchen je mehr sich ihrer verbinden, desto schnel- 
ler zu Boden sinken und das ganz besonders in dem faserhiutigen Blute 
die Neigung sich zu vereinigen auffallend gross ist, so wohl in dem 
frischen als in dem geschlagenen.”’ 

The parallelism between the sedimentation velocity of the corpuscles 
and their degree of clustering was somewhat later pointed out by Jones 
(1843) (27) who states, like Hunter, that in order to know if a patient’s 
blood has a buffy tendency or not, it is sufficient to take a drop of blood 
from the finger tip, press it between two pieces of glass and observe 
whether or not it shows a dotted appearance. And just as there are dif- 
ferences in the degree to which the buffy coat is developed, corresponding 
degrees may be distinguished by the distinctness with which these dots 
make their appearance. 

The aggregation of the corpuscles being the essential property of 
buffy blood, gave, as especially Gulliver (1845) (19) found out, the ex- 
planation of a peculiar observation which had been known for a long 
time. Since Harvey’s days at least, it was a well established fact that 
the blood of even healthy horses had a strong tendency to become buffy. 
The sinking velocity of the corpuscles in horses’ blood is much greater 
than in that of all other healthy animals, and there exists here a physio- 
logical aggregation of these cells, which is so strongly pronounced that 
it can only be compared with the aggregation occurring in human bein gs 
during serious diseases. 

At this time, however, the research work upon the causes of the buffy 
blood had also taken another line, which is of great interest for the mod- 
ern treatment of the problem. 

The first quantitative analysis of the blood, made 100 years ago, con- 
cerned the fibrin. Scudamore (53) and the leading French hematolo- 




















SUSPENSION STABILITY OF THE BLOOD 245 


gists, Andral and Gavarret (4), found that this constituent of the blood 
was, as a rule, several times increased in sizy blood, but for divers reasons 
this fact was not associated with the increased aggregation of the red 
corpuscles. 

On the other hand, Hewson had already made observations which he 
himself thought to be proof of the fact that the fibrin in some way 
furthered the sinkng velocity of the red corpuscles. He found the para- 
doxical condition that the red corpuscles settle very much more slowly 
in defibrinated blood than in whole blood, where the fibrin is still dis- 
solved in the serum. This fact was later verified by the great German 
physiologist, Johannes Miller (1833) (40) who, examining the causes 
of the buffy coat, attributed to the quantity of fibrin a determinative 
influence on the development of this phenomenon. 

As late as the first half of the 19th century, the buffy coat formed one 
of the questions most written about. As an example, the French 
scientist Denis, in his monograph on the chemistry of the blood (1838) 
may be cited (14): ‘Dans tous les temps, la formation de ce qu’ on a 
appelé la couenne du sang a été expliquée de beaucoup de maniéres. On 
a publié sur elle une foule d’écrits. Il se passe méme peu d’années sans 
qu’il paraisse un travail qui la concerne. Mais autant d’explorateurs, 
autant d’opinions. Un tel état d’incertitude, sur un sujet qui pique 
vivement la curiosité, importance qu’on parait attacher 4 la modifi- 
cation qu’éprouve alors le sang, et les inductions patologiques et thera- 
peutiques qu’on a voulu en tirer, m’ont fait porter mon attention sur 
l’état couenneux avant tout autre état morbide.”’ 

At this period study of the problem—without doubt the most signifi- 
cant in the hematology of that time—was discontinued and the results 
already gained were entirely forgotten. 

It should be added that Biernacki—evidently without knowledge of 
the older literature—in the nineties published several essays (9) on the 
sedimentation of the red corpuscles, which process he ascribed to the 
secretion of plasma by the red cells. He adopted the peculiar concep- 
tion that the greater part of the plasma was squeezed out from the cor- 
puscles in dying blood, a process which took place with various degrees 
of speed in different cases. His observations, however, were never ac- 
cepted, probably owing to the absurd theoretical explanation advanced. 

In this brief historical review it may finally be noted. that the increased 
aggregation of the red corpuscles in fresh blood specimens in cases of 
more severe inflammatory conditions was recognized by French hema- 
tologists (20, 8), in particular, at the beginning of this century. 
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‘The publications of the present author which originated from acciden- 
tal observations (1917) on the increased sedimentation velocity of the 
red corpuscles during pregnancy, have renewed interest in these hemato- 
logic questions and during the last decade thousands of papers concern- 
ing the sinking speed of the erythrocytes have been published. Most of 
these publications, however, only bear upon the clinical importance of 
this phenomenon and can not be reported in this review which chiefly 
aims to give a short account of the physical and physiological side of 
the suspension stability of the blood. 

MertuHops. The buffy coat may be considered only as an historical 
phenomenon without bearing upon modern clinical work. Phleboto- 
mia nowadays has comparatively limited scope and the large blood 
specimens required to demonstrate the buffy coat are seldom available. 
And, moreover, the appearance of the drawn blood—if sizy or not—is, 
as already mentioned, dependent not only upon the tendency of the red 
corpuscles to sink fast or slowly, but also upon the time of coagulation 
of the blood. The modern technique eliminates the influence of the 
last-named factor by studying the sinking velocity of the red cells in 
blood which has been prevented from coagulating. 

For the latter purpose a number of different methods have been sug- 
gested in recent years, of which the one proposed by Westergren (2) is 
probably the best and most used. Although it requires venous punc- 
ture, it is done with a very small quantity of blood and is undoubtedly 
to be preferred to the micro-methods in which only a drop of so-called 
capillary blood is used. 

To prevent coagulation, a 3.7 per cent solution of sodium-citrate is 
mixed with the blood in a proportion of 1 to4. A syringe holding 1 ce. 
is first filled to one-fifth of its capacity with the sodium-citrate solution 
and the blood is then drawn up to fill it completely. It is of advantage 
in a large series of examinations to have the barrel supplied with a catch 
so as automatically to give the correct quantity of citrate solution. The 
contents of the syringe are transferred to a small test-tube and mixed by 
shaking. The citrate blood is then sucked up into a pipette-like glass- 
tube of an inner diameter of about 2.5 mm. toa height of 200 mm. The 
tube so filled is then placed vertically in a stand of special construction 
and there fixed by means of a spring, which is brought down on the top 
of the tube and presses its tip against a rubber cork attached to the 
bottom of the stand. 

. The sedimentation velocity is now obtained by measuring the distance 
passed by the uppermost layer of the red corpuscles from the upper 
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meniscus of the fluid column in a given time. The boundary between 
clear plasma and red corpuscles is generally perfectly sharp! The time: 
after which the reading should be made may be open to discussion, for 
the speed with which the red corpuscles sink varies for different phases of 
the sinking process. As will be clearly seen from the following, the 
sedimentation rate is a function of the degree of aggregation of 
the red corpuscles. It takes, however, a certain time—in blood of 
strong aggregation tendency about 5 minutes, in blood where this 
tendency is weak about 25 minutes—before the aggregates have 
obtained their definite size (and density). Therefore the sinking 
velocity is relatively small at the beginning of the sedimentation 
process, but increases steadily to attain after these intervals a constant 
value which is not thereafter altered. Because of the fact that the red 
corpuscles gradually begin to pile up on the bottom of the tube, we 
sooner or later get a slowing down of the sedimentation process also 
of the uppermost corpuscle-layer. It is clear that the sinking velocity, 
which corresponds to the size of the completed aggregations, is really 
only to be found during the intermediate phase of the sedimentation. 
This value is easily found by reading off at different times and graphic- 
ally registering the results. The inconvenience of several readings, 
however, gives no corresponding gain from a clinical point of view. ‘ One 
reading is sufficient and this ought to be made after one hour. In the 
course of this time the sinking has at any rate proceeded so far as to yield 
readable values, but has not, as a rule,—even in samples of the most 

’ rapid sedimentation—had sufficient time to be completed It must be 
emphasized that all high figures for sedimentation velocity—above 
about 60 mm. per hour—become lower than what corresponds to the 
existing aggregate formation. A value of 100 mm. per hour, corre- 
sponds thus to a value of about 200 mm. or more, had we used tubes 
of sufficient length. But from a clinical point of view, it is fairly un- 
important whether the highest grades of aggregate formation are rep- 
resented by relatively too low velocity figures. 

A blood examination thus carried out with a determination in milli- 
meters of the distance passed during one hour of the uppermost corpuscle 
layer, is called a stability or sedimentation reaction. 

It may be mentioned that many other modifications of my original 
method for the sedimentation velocity have been proposed. Linzen- 
meier (33) and others take the time in minutes required for the corpuscles 
to sink a certain distance marked on the tube. Berczeller and Wastl 
(7) and Lundgren (36) have suggested the use of inclined tubes, in which 
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the sedimentation is hastened because of the fact that the red corpuscles 
sink to the lower side of the tube and form a coherent stream, a coherent 
plasma stream contemporaneously going upwards along the upper side 
of the tube. For further particulars about different techniques, see 
Westergren (2) and Katz and Leffkowitz (3). 

| CLINICAL SIGNIFICANCE OF THE STABILITY REACTION. The sedimen- 
tation velocity of the red corpuscles in man is subjected to physiological 
variations according to age, sex, and in woman to the presence or 
absence of pregnancy. 

The lowest figures are obtained in the newborn (average 0.5 mm.). 
In adults, men generally show considerably lower figures (as a rule 
1to3mm.) than women (asarule4to7mm.). Of practical importance 
is the upper limit of the figures that may be considered as normal. I 
formerly held (1, p. 78) this limit in men and women to be 10 and 13 mm. 
respectively. But more experience with the reaction leads me to believe 
that these figures may be too high for perfectly normal individuals. 

‘During pregnancy the sinking velocity is increased beyond the normal. 
This increase is already apparent in the second month of pregnancy and 
reaches its highest figures at the end of the term, subsequently receding 
rapidly during the puerperium. The following table shows the average 
sinking velocity in 100 women during different periods of gestation 
(1, p. 77). 


Month of pregnancy Month of puerperium 
mm. mm 
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In a very great number of diseases, the sinking velocity is increased 
in most cases very considerably above the normal. A sinking velocity 
of 30 mm. and above may be considered as a very marked reaction, but 
in many diseases, such as sepsis, pneumonia and acute polyarthritis, the 
figures are regularly raised to about 100 and beyond. 

‘The sinking velocity is more or less increased in all acute general 
infections, and is of particular value here as a source of information as to 
the occurrence of complications; conditions such as pleurisy, otitis and 
others being generally accompanied by still higher figures. In case of 
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uncomplicated influenza, for example, the normal value is only slightly 
raised, whereas, if septic complications arise, the sinking velocity be- 
comes greatly increased. 

In the chronic infectious diseases, syphilis and tuberculosis, the sinking 
velocity is as a rule fairly markedly increased. The province of 
internal medicine, in which the practical use of the stability reaction has 
been most fully worked out and the most important results obtained, is 
probably pulmonary tuberculosis. As was first found by Westergren 
(2), and since confirmed by a great many investigators, the sinking 
velocity may be said, on the whole, to reflect better than the body 
temperature the intensity of the tubercular process. A high sinking 
velocity is a bad prognostic sign, whereas a low velocity, even where 
pulmonary and general symptoms are in other respects prominent, is, 
as a rule, strongly in favour of a good prognosis. 

In other pulmonary diseases of more severe nature, there is as a rule 
a very marked sinking velocity. Croupous pneumonia, for example, as 
already mentioned, is productive of some of the highest figures known. 
In this condition the sinking velocity in a previously healthy person may 
rise a hundredfold within the course of a day or two. 

In the local inflammatory conditions of surgery, gynecology and or- 
thopedics, the sinking velocity has been extensively tested and by most 
observers has been deemed of decided importance for estimating the 
intensity of the local infection, and, on that account, has proved of 
valuable aid in treatment. 

Malignant tumours—at least in an advanced stage—generally show 
a considerably increased sinking velocity, the explanation being probably 
found partly in influence of the tumorous tissue itself, partly in inter- 
current infections. 

Generally speaking, it may be said that a reduction of the suspension 
stability of the blood is one of the most common general reactions of the 
organism in disease, perhaps the most common. In this respect it may 
best be compared with such reactions as pyrexia and leucocytosis. The 
increased sinking velocity has many features in common with these 
phenomena without running parallel to either of them. It occupies, 
therefore, an entirely independent position in clinical symptomatology. 
On account of its completely non-specific character, the reaction has, as 
a rule, proved less instructive in respect to the diagnosis of the disease, 
than as regards the activity or intensity of the morbid process. Good 
surveys of the clinical significance of the stability reaction have been 
published by Westergren (2) and Katz and Leffkowitz (3). 
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HyYDRODYNAMICS OF THE SEDIMENTATION (1, pp. 92-114). A spherical 
particle suspended in a fluid of less specific gravity than the particle 
itself, is attracted to the earth by a force equal to: ¢ar° (S—S,)-g. In 
this formula r stands for the radius of the sphere, S for its specific 
gravity, S; for the specific gravity of the fluid, while g is the gravitation 
constant. As found by Stokes (59), the fluid offers a resistance to the 
movement of the sphere equal to 67rvu, where v denotes the velocity of 
the movement and yu stands for the absolute viscosity of the fluid. The 
movement of the sphere is at first accelerated, but becomes constant 
from the moment the resistance of the fluid becomes equal to the ‘‘ac- 
tive’’ force of gravity (in case of such small particles as we are dealing 
with here, this happens practically at the commencement of the falling 
movement). 

We therefore find: 
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The velocity is thus proportional to the difference between the specific 
gravity of the sphere and that of the fluid, inversely proportional to the 
viscosity of the fluid and directly proportional to the square of the radius 
of the sphere. Should the suspended particle be of non-spherical shape, 
this formula will naturally give only an approximate idea of the in- 
fluence of the size of the particle on the sinking velocity. 

For Stokes’ law to apply, the falling movement of the particle must 
take place in a fluid of infinite extension. In a suspension this is not 
the case. The falling particles will meet the upward currents produced 
by the sedimentation of the immediately preceding particles. The 
falling movement of the particles will consequently be hindered and this 
check will become more marked, the greater the concentration of the 
suspension. Theoretically this problem has been treated by Cunning- 
ham (13) and Smoluchowski (56). The first named has proved that in 
respect to more concentrated suspensions, Stokes’ law must be modified 
by the introduction of coefficients, varying according to the different 
degree of concentration. 

_ In trying to find out to what extent the hydrodynamic laws, as stated 
above, are able to explain the exceedingly great variations occurring in 
the sinking velocity of the red corpuscles, we find that varying differences 
, between the specific gravity of the red corpuscles and that of the blood 
plasma are without demonstrable effect. Nor does the viscosity of the 
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plasma have any direct bearing on it. We even find here the fact, a 
priori unexpected and to be explained later, that the sinking velocity is 
as a rule higher in plasma of great viscosity. 

Another factor, on the contrary, to which must be ascribed a fairly 
great influence is the degree of concentration of the suspension; in other“ 
words, the relative number of the corpuscles. If, in a sample of blood, 
containing, for instance, five million red corpuscles per cubic millimeter 
and the sinking velocity of which is twenty millimeters per hour, the 
number of red corpuscles be reduced by dilution with plasma to four 
million, the sinking velocity becomes increased nearly twice. A com- 
parative investigation between the number of corpuscles and the sinking 
velocity, carried out on a great number of clinical cases, shows, however, 
the concentration of the corpuscles to be apparently of less importance 
than a dilution experiment of that nature would lead one reasonably to 
expect (Westergren, 2). There is certainly a factor counteracting the 
rapid sinking in anemic conditions, which probably stands in connection 
with the fact that the red corpuscles have relatively less tendency to ag- 
gregate in blood sparse in these elements. The red cell concentration 
becomes of decisive importance for the rapidity of sedimentation only in 
cases of marked polycythemia, where very low figures are obtained, or 
in marked oligocythemia, which in itself may occasion a considerably 
increased sinking velocity. 

The factor, not yet mentioned, which has incomparably the greatest 
effect on the sinking velocity, is the radius of the particle. What an 
exceedingly great bearing this has for the falling velocity of suspended 
particles is borne out by experience in daily life. Large drops of rain fall 
rapidly to the ground, while the small drops of water in fog remain 
hovering in the air. Clay particles suspended in water form a stable 
suspension, while aggregations of clay, on the other hand, rapidly sink 
to the bottom. The red corpuscles may, it is true, vary somewhat in 
size in different cases; there is no doubt, however, that this difference in 
size has no appreciable influence on the variations in the sinking velocity. 
On the other hand, we find another property of the erythrocytes which is 
subject to very considerable variations and which vastly affects the 
radius of the suspended particles, namely, their tendency to form aggrega- 
tions. It is this varying degree of aggregation which, as a quite pre- 
dominant factor, determines the sinking velocity. 

The microscopical study of a fresh blood drop taken from a heaithy 
person shows that the red corpuscles are to a certain degree aggregated. 
This aggregation presents a characteristic architecture because the 
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corpuscles unite with their flat sides against each other forming what 
has been called piles of coins or rouleaux (Geldrollen). But the rouleaux 
in healthy blood usually do not contain very many corpuscles; they are 
somewhat irregular in form, do not show any great tendency to join 
together and consequently appear quite evenly distributed. (See fig. 1, 
left.) 

A similar observation of blood from a severely diseased person or a 
pregnant woman gives quite another appearance. The rouleaux forma- 
tion is so to say carried through with an incomparably greater energy. 
Each rouleau contains on an average very many more corpuscles and 
these are more closely and regularly united with each other. The great- 





Fig. 1. Healthy blood, stability reaction 3 mm. and blood in pneumonia, 
stability reaction 93. 


est difference between normal and pathological blood is, however, that 
the rouleaux themselves are clustered to a very high degree. The 
clusters are separated by large lakes of free plasma. (See fig. 1, right.) 
This difference in the microscopic appearance of such specimens 
shows still more distinctly, if by means of pressure on the cover glass 
fluid currents are produced in the preparations. In normal blood the 
rouleaux fall apart at the slightest movement in the fluid, whilst the 
aggregates in pathological blood are not disturbed until very violent 
currents are produced. The rouleaux are strained and stretched like 
rubber tubes before they break. It is almost impossible though pressure 
on the cover glass to obtain a complete disaggregation. The aggregates 
are consequently not only larger in pathological blood, but have besides 
a decidedly more solid structure. Another characteristic difference is 
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that the formation of new rouleaux after disaggregation praonne very 
much faster in pathological than in normal blood. 

As far as has been observed, complete parallelism exists between the 
tendency to rouleaux formation and sinking velocity. The individual 
red blood-corpuscle may be considered as the primary particle which 
through aggregation with other red corpuscles gives rise to secondary 
particles of varying size. Assuming that the erythrocytes are spheres 
and that the aggregates formed by them are of spherical shape with the 
same specific gravity as the erythrocytes themselves (which is impro- 
bable since the aggregates must include some plasma), the sinking velo- 
cities (v and v,) would be in a direct ratio to the squares of the radius of 
primary and secondary particles respectively. These radii being in the 
direct ratio to the cube roots of the volumes of the primary and second- 


ary particles respectively we get - = (VV p)*, in which p denotes the 


number of primary particles, which the secondary aggregates contain. 
Accordingly an hundred-fold increase of the sinking velocity would 
correspond to a thousand-fold increase in the number of red corpuscles 
in the secondary aggregates. Such a computation is, of course, only 
exceedingly approximate but it helps to convey some idea of the associa- 
tion between aggregation and sinking velocity. 

THE CAUSES OF THE INCREASED ROULEAUX FORMATION (1, pp. 114- 
144). As is evident from the foregoing, the increased aggregation of 
the erythrocytes seems to be only an exaggeration of a physiological 
phenomenon. There is no reason to presume any fundamental difference 
in principle between rouleaux formation in health and disease. The 
first question which arises is then whether the increased aggregation 
tendency of the erythrocytes is due to changes of the cells themselves, or 
to changes of the plasma. 

Naturally the increased aggregation is in the end determined by a 
change in the surface layer of the red corpuscles, but as in other suspen- 
sions the properties of the surface layer of the particles and consequently 
the stability of the suspension, is mainly dependent upon the properties 
of the fluid medium. It would a priori appear probable that properties 
of the plasma are the determining factors in the suspension stability of 
the blood. Experiments in which washed normal corpuscles have been 
suspended in pathological plasma and vice versa and the sinking velocity 
measured have also shown that rapid sedimentation and strong aggrega- 


tion are phenomena in a very high degree bound to the properties of & 


the plasma. j 
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That this is the case seems also probable from the results of experi- 
ments in which red corpuscles are suspended in plasma which has been 
diluted by addition of water or concentrated by evaporation. A 10 per 
cent concentration of the plasma, for instance, increased the sinking 
velocity from 56 mm. in thirty minutes to 104 mm., while a dilution to 
the same degree diminished the sinking velocity to only 20mm. It seems 
then to be evident that the plasma contains substances which are the 
vehicle of its aggregation capacity—substances presumed to increase in 
pregnancy and disease. As it further proved to be the case that the 
red corpuscles do not aggregate and consequently settle extremely 
slowly when suspended in solutions which only contain the electrolytes 
of the plasma, and as, on the other hand, it could be shown that 
addition of many hydrophil colloids such as gelatine, agar, acacia, 
gummi arabicum, sodium salt of casein and nucleic acid, etc., strongly 
increase the aggregation, it seemed probable that the rouleaux forma- 
tion in normal as well as pathological blood is caused by the hydro- 
phil colloids of the plasma, the proteins, and that the degree of aggrega- 
tion depends upon these proteins being altered in amount or properties 
during pregnancy and disease. 

It has been known for many years that the quantity of the protein 
bodies mentioned is subject to considerable variations, in so far that the 
serum globulin or the fibrinogen, or generally both these protein fractions 
of the plasma, increase in amount during pregnancy and most diseases. 
Levinski, Landsberg and Krésing found the fibrinogen percentage aug- 
mented in pregnant women. The same fact in infectious diseases has 
been proved by Halliburton, Lackschewitz, Pfeiffer, Berggriin, Krésing, 
Dochez and many others during the last years. As to the degree of the 
fibrinogen increase it is generally very considerable and rises often to 
several hundred and even 1000 per cent of the normal values. 

Equally rich is the literature on the increased amount of serum globu- 
lin in disease (Hoffman, Halliburton, Noguchi, Epstein, Rohrer, Adler 
and others). Generally the increase of serum globulin is accompanied 
by a corresponding decrease of serum albumin; in other words, the 
amount of serum protein is constant but the salt precipitation limit is 
displaced to the albumin side. This displacement may be so extreme 
that the globulin fraction—as in pneumonia—represents 95 per cent of 
the whole serum protein. 

Attention may further be called to the fact that the lowest globulin 
values are to be found in the newborn, and that men seem to have a 
somewhat lower globulin percentage than women. (See Naegeli, 41.) 
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As will be seen, there exists a very marked parallelism between changes 
in the composition of the plasma protein, in the sense that increased 
sinking velocity of the red corpuscles and increased percentage of serum 
globulin and fibrinogen occur coincidently. The following experiments 
show that these two phenomena stand in direct causality. 

In solutions of the different protein fractions of the plasma, prepared 
by precipitation with salts (ammonium and magnesium sulphate), the 
red corpuscles behave in a very different way. When suspended in a 
pure fibrinogen solution the erythrocytes show a very marked tendency 
to aggregate and settle with extreme rapidity. When suspended in a 
pure serum globulin solution, aggregation and fast sinking are not so 
pronounced, but still very marked. When suspended in a pure solution 
of serum albumin, on the other hand, the red corpuscles form a suspen- 
sion of maximum stability, i.e., no aggregation occurs and the sinking is 
very slow. I will only mention one experiment performed with horse 
blood. In 5 per cent solutions of the different proteins the serum al- 
bumin suspension of erythrocytes gave a sinking value of 1 mm. after 
one hour, the serum globulin suspension one of 50 mm. in the same 
time, while corpuscles in the fibrinogen solution sank 110 mm. in ten 
minutes. 

The property of the fibrinogen of furthering aggregation and sinking 
velocity, seems to be clearly evidenced also by the fact that the red cor- 
puscles in defibrinated blood aggregate very much less and sink very 
much slower than in non-defibrinated blood—an observation made by 
Hewson 150 years ago. As example may be mentioned that two stabil- 
ity reactions of the same horse blood, made with citrated blood and with 
defibrinated blood, gave the figures 65 and 8 respectively. 

To support my opinion that the increased sinking velocity in preg- 
nancy and disease is caused by the above-mentioned plasma changes, I 
have determined the composition of the plasma protein and the stability 
reaction in the same clinical cases. This investigation proved that there 
exists a pronounced parallelism between the amount of fibrinogen or 
serum globulin and sinking velocity, a result which has been confirmed 
by many later investigators. (Linzenmeier, 35; Starlinger, 58; Frisch 
and Starlinger, 15; Gram, 18; Ley, 32; Noltze, 44; W. and H. Léhr, 
37; Vorschiitz, 62; Rosenberg and Adelsberg, 49; Petschacher, 46; Seki, 
54; Holsweissig, 25; Bruchsaler, 11; Cooper, 12; Murakami and 
Yamaguchi, 39; Hille, 24, and others.) 

As Starling (57) emphasizes, the different protein substances of 
the plasma may probably be regarded as forming a complex unit in the 
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living blood. From this point of view the increase of fibrinogen and 
serum globulin may be considered as a change of the general physical 
character of the protein of the plasma. As is well known, the fibrinogen 
is easiest precipitated by salts and forms a highly viscous solution. 
Serum globulin is not so easily precipitated by salts and its solution is less 
viscous, while serum albumin is the least precipitable and its solution 
has the least viscosity of the three. These facts probably explain the 
paradox already referred to, namely, that the sinking velocity is as a rule 
greatest when the viscosity of the plasma is high. The change in the 
general physical character of the plasma here in question may thus be 
considered as an augmentation of its globulin characters, or as a qualita- 
tive globulin increase. 

In favour of this view we have furthermore the fact that heating blood 
serum to temperatures above 48°C. powerfully augments its aggregation 
capacity. This accords perfectly with the theory inasmuch as heating 
serum to these high temperatures augments the globulin fraction at 
the expense of the albumin fraction and further augments the euglo- 
bulin fraction at the expense of the pseudo-globulin fraction (Moll, 
Banzhaf and Gibson)—a circumstance of great importance in the prep- 
aration and concentration of antisera. 

Another observation—still not theoretically elucidated, but which will 
probably be of great biological interest—is the fact that temperatures, 
corresponding to normal body temperature and its environment (30° to 
48°C.), have a contrary, i.e., a strongly reductive effect on the aggrega- 
tion power of serum and plasma. A peculiar, and as yet unexplained, 
phenomenon in this connection is that if the test-tube be shaken during 
such heating the decrease in the aggregation power of the serum or 
plasma does not occur (see 1, p. 189-228). 

It is hardly necessary to point out the fundamental difference in 
principle between serological hemagglutination and the rouleaux forma- 
tion of erythrocytes. In the former case we are dealing with specific 
substances present only in small quantity but intensively active, the so- 
called agglutinins; in the latter case with non-specific substances active 
only in comparatively great concentration through their general physical 
character. 

It must, however, be recognized that other factors probably exist 
which may influence such a sensitive mechanism as that of rouleaux 
formation. The lipoids of the plasma, as well as the proteins of the 
stroma of the erythrocytes, have been considered to be of importance 
(see 2 and 3) but it seems to me that these factors, at least when we 
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are chiefly concerned to explain the variable suspension stability of 
man, certainly are of very much less significance than the globulin 
increase. 

Finally, it should be added that the gases of the blood have a not 
unimportant influence upon the sinking velocity. Experiments in vitro 
by Leendertz (31) have shown that the sinking velocity is increased if 
oxygen is bubbled through citrated blood. Carbon dioxide, on the 
contrary, decreases the sinking velocity. These facts probably explain 
why the stability reaction in cyanotic conditions as a rule gives compara- 
tively low values. 

THE ROULEAUX FORMATION AS PHYSICO CHEMICAL PHENOMENON 
(1, pp. 145-155). As is well known, the stability of suspensions to a 
great extent depends upon the physical characters of the interface 
between the particles and the fluid. 

Every surface of contact of one substance with another substance of 
less molecular force tends to diminish on account of the so-called surface 
tension. ‘Two particles in a suspension coming close enough to each 
other, the interfaces between each one of them and the fluid will join to 
one continuous interface. This, tending to diminish, will press the 
particles together. 

There is hardly another model existing so beautifully demonstrating 
the action of the surface tension as the rouleaux formation in the blood. 
When two previously solitary corpuscles in a fresh drop of blood, micro- 
scopically studied, come into contact with their broadsides, we get the 
impression that they are pressed together by invisible forces. If the 
first point of contact is situated at the edge of the one or both corpuscles, 
which also very often happens, the corpuscles instantly perform a quick 
motion, the one gliding up against the other, broadside against broad- 
side. The motion does not stop until the peripheral edges of the cor- 
puscles are brought to a position corresponding to the surface of a cylin- 
der. The rouleaux formation is thus a mechanism manifestly proving 
the existence of a force which tends to diminish the interface between 
corpuscles and plasma toa minimum. If stickiness, which has played a 
great réle in theories of agglutination, gave rise to the aggregation here in 
question, the corpuscles would remain in the position of their first con- 
tact and we should not obtain the peculiar architecture of the aggregates, 
the rouleaux formation. 

But there are also other forces which must be taken into consideration 
with regard to the degree of aggregation tendency of the red corpsucles. 
The interface between the particles and the fluid of a suspension is 
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probably always the seat of electric forces. On each side of the inter- 
face there exist electric charges, which are of different signs and of equal 
magnitude, thus balancing each other. The existence of an electric 
double layer is most easily proved by the fact that the particles migrate 
when an electric current is passed through the suspension. The fact 
that the red corpuscles in their native medium, the plasma, migrate 
towards the anode is a proof of the fact that they are charged with nega- 
tive electricity. 

While the surface tension represents the attraction force between the 
particles of a suspension, the existence of an electric charge acts as a 
repulsive force between them. This effect is brought about in two ways, 
partly directly on account of the fact that bodies charged with the same 
kind of electricity mutually repel each other, and partly indirectly on 
account of the fact that the electric charge of a surface tends to increase 
it, consequently acting in opposition to the surface tension. The last 
named point of the effect is easily understood, if we consider that the 
elements of the surface, being charged with the same kind of electricity, 
must tend to repel each other. 

There is, however, a third circumstance which is of influence upon the 
stability of suspensions. There are several facts which lead to the sup- 
position that the particles of a hydrosol are surrounded with a layer of 
adsorbed water, which prevents the aggregation of the particles or makes 
it more difficult. Principally, on account of the great difference in vis- 
cosity of different colloids, this water binding capacity of their par- 
ticles is considered to be of a very different degree. The hydration is 
not very pronounced in the typical suspensoids, which have almost the 
same viscosity as their fluid medium, whilst one of the most character- 
istic properties of the emulsoids, namely, their great viscosity, is a proof 
of the great capacity of their particles for binding water. The difference 
in this respect is considered to be the chief cause of the instability of 
the first-named class of colloids, and of the comparatively great stability 
of the last-named ones. 

That the degree of hydration of the red corpuscle surfaces is of impor- 
tance for the degree of their aggregation tendency, we must conclude 
from the fact that the surface layer of the erythrocytes consists of emul- 
soids. Another circumstance, which probably speaks in favour of 
regarding the red corpuscles as surrounded with an adsorbed water 
layer, is, that the relatively high viscosity of the blood is dependent upon 
the erythrocytes to a very high degree. 

As the influence of the electric charge exerts an effect upon the surface 
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tension, so there exists also, in all probability, a causality between 
electric charge and hydration of the particles. It has been shown that 
electrolytes which reduce the charge of the particles in a colloidal silver 
“solution also reduce its viscosity. Zsigmondy (64) and Pauli (45) regard 
the fact that protein solutions, in which the particles are charged, are 
more viscous than solutions in which they are not charged, as depending 
upon the charged particles being more hydrated. 

Considering these factors which influence the stability of suspensions 
it is not surprising that the mechanisms having to do with the stability 
of the blood must be regarded as very complicated and far from clear. 
As stated above the problem seems to hinge upon the manner in which 
the globulin increase changes the interface between the red corpuscles 
and the plasma or, let us say, the surface of the red cells. Is it by in- 
creasing the surface tension, or by reducing the negative electric charge 
of the corpuscles or finally by depriving their surface colloids of adsorbed 
water? The author (16) and after him Linzenmeier (35), have made 
experiments in Héber’s laboratory discharging the corpuscles with posi- 
tive ions in different concentrations—experiments tending to show that 
the globulins decrease the negative charge of the corpuscles. But, on 
the other hand, the pronounced parallelism between the magnitude of the 
aggregation effect of the globulins and other emulsoids upon the erythro- 
cytes and their degree of viscosity speaks in favour of the theory 
that a dehydration of the corpuscle surface layer may be the predomi- 
nant factor. See also Heidenhain (21), Wiltshire (61). 

THE ERYTHROCYTE AGGREGATION IN THE STREAMING BLOOD (1, pp. 
157-167). The rouleaux formation is not exclusively an extravascular 
phenomenon, as for instance is the coagulation of the bood which is 
caused only by conditions not present within the vascular system under 
normal conditions. 

The tendency of the erythrocytes to aggregate within the vessels can 
be established by estimating the sinking velocity of these cells in vivo. 
The experiment is most conveniently carried out with two tourniquets 
three to five inches apart on the forearm sufficient to stop the circu- 
lation in the superficial veins. The forearm having been kept in a 
vertical position for some time, say 15 minutes, blood is collected by 
puncture from an easily visible vein immediately below the uppermost of 
the two constrictions. Blood specimens thus obtained will be different 
in persons with different suspension stabilities. In a healthy man they 
appear made up of whole blood, indicating that the red corpuscles have 
not settled to any appreciable extent. In pregnant women or diseased 
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individuals, on the other hand, not blood but plasma, more or less devoid 
of red corpuscles, is obtained, the red cells having sedimentated in the 
vein during the experiment, the cause being of course the same as in the 
experiments in vitro, i.e., augmented aggregation of the erythrocytes. 

It is likewise possible to verify, by direct observation, the formation 
of aggregates within the vascular system. This can be done, as was 
shown by Ploman (47), by ophthalmoscopic observation of the retinal 
| vessels, the blood pressure in the central retinal artery at the same 
time being counterbalanced by pressing a finger on the eye-ball. In 
normal persons a number of seconds must elapse after the arterial flow 
is stopped before a fine granulation can be seen in the vascular beds. 
In patients with a high sinking velocity, the picture becomes changed 
almost at the same moment as the ocular pressure is increased and this, 
| furthermore, to an incomparatively very much greater extent. The 
. red continuous streaks are almost immediately transformed into great 
clumps evidently consisting of aggregated erythrocytes, which mark the 
situation of the vessels like strings of red beads. On varying the intra- 
ocular pressure with the finger on the globe, the blood moves about in 
different directions in the vessels, and an interesting feature is then 
noticed, namely, that the aggregations endure even in rapidly streaming 
blood. There are even rare cases in which a granulated blood stream 
may be seen in the retinal vessels without artificially decreased stream 
velocity, as for instance in pneumonia. 

The different degrees of intravascular erythrocyte aggregation, how- 
ever, can be directly observed also in another way, namely, by micro- 
scopy of the skin capillaries, most conveniently done with the capillaries 
at the base of the finger nail. In a normal person careful focussing is 
required to convince the observer that the blood is flowing at all, because 
of the even distribution in the blood-current of the erythrocytes, which 
separately are scarcely or not at all visible. As is well known the 
rapidity of the stream varies in different capillaries and in the same 
capillary from time to time. When the stream is for the moment slow, it 
‘is possible to recognize a certain degree of granulation. This of course 
corresponds to the fact that even in a fresh specimen of normal blood, 
‘studied in vitro, some rouleaux formation occurs. The same examina- 
tion carried out on a pregnant woman or a patient with increased sinking 
velocity, gives an entirely different picture. Here the red corpuscles are 
‘joined into elongated, more or less connected clumps, which run along 
‘in almost all capillaries, finding their way like eels through the vessels. 
Altogether there exists between the extent of this so-called granular 
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current in the cutaneous capillaries and the degree of sinking velocity, as 
tested in vitro in the same person, a pronounced parallelism. My 
observations and my opinion of the nature of this phenomenon have been 
confirmed by some authors (Linzenmeier, 34); (Neergard, 43), and denied 
by others (Kirten and Gabriel, 30). The last named consider that 
“kérnige Strémung”’ in the skin capillaries is only a consequence of 
slowness of the stream and thus of a locally disturbed circulation. They 
found cases with extremely high sinking velocity without seeing a gran- 
ulated blood stream. This may be right, but the explanation is that a 
maximum of instability of the blood does not give rise to many small 
aggregates, but to one great aggregate which occupies the centre of the 
vessel in its total length. 

Microscopical observations of the circulation in horses prove the cor- 
rectness of this interpretation. As already mentioned, the horse has an 
enormously strong rouleaux formation and an extremely great sinking 
velocity even under normal conditions. The study of the blood stream 
in the fine vessels of the mesentery of the living horse does not give at 
first sight the impression of a granulated stream. But closer obser- 
vation makes it clear that this is due to the fact that the corpuscles are 
so strongly aggregated that they do not separate. The blood of the 
horse in the finer vessels is really not at all a suspension, the erythrocytes 
running along as a compact coherent string in the middle of the vessel; 
only when the stream is slowed by pressure on the supplying arteries 
does the string show granulated outlines and finally break to pieces. 

A pathologic—anatomical consequence of the intravascular aggre- 
gation of the erythrocytes may here be shortly mentioned, namely, the 
occurrence of well developed fibrin coagula in the dead body. The 
nature of this phenomenon, quite clear to older physicians, has been 
vividly discussed by leading pathologists of modern times. Ribbert 
(48) thought them to be the consequence of an ‘“‘agonal thrombosis” in 
the yet streaming blood; Marchand (38) considered that they owed their 
origin to delayed coagulation. Aschoff (5) finally also reckoned with 
the possibility that the red corpuscles may settle more rapidly post 
mortem in some bodies than in others. Having had the opportunity 
during some years of making autopsies on persons in whom the suspen- 
sion stability was measured shortly before death, I may emphasize 
that strongly developed fibrin coagula are found only in cases which 
had previously a great sinking velocity. The finding of cruor coagula 
without a fibrin layer, on the contrary, is typical for cases where the 
sinking velocity is normal. Inequalities of the coagulation time of the 
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blood in the dead body may naturally be of influence upon the appear- 
ance of the post-mortem clots. The degree of rouleaux formation and 


/ the sinking velocity of the erythrocytes are however, as a rule, of far 


greater importance. (See further 1, pp. 182-188.) 

THE FLOW OF SUSPENSIONS THROUGH NARROW TUBES (17). At first 
a few words must be said about the hydrodynamic laws which apply to 
the flow of suspensions through tubes of fine calibre. This is a part of 
hemodynamics where our knowledge hitherto has been incomplete or 
erroneous and which has an important bearing also on other hematologi- 
cal questions of great moment. 

In the case of a fluid flowing through a tube, we know well that the 
speed of the current is greatest in the centre, gradually diminishing 
toward its wall. A reverse condition prevails as regards the pressure 
within different parts of the fluid, that is to say, it is least in the centre 
of the tube, from where it gradually increases toward the wall. A 
particle situated in the moving fluid somewhere between the axis and the 
wall of the tube will be exposed to a greater pressure on the side facing 
the wall, than on the side facing the axis. Therefore the particle will be 
subjected to a force striving to carry it in a direction toward the axis. 
Obviously this force will increase with the distance between the periph- 
eral and axial side of the particle, a bigger particle consequently being 
more liable than a smaller one to be moved away from the wall and to- 
ward the centre of the tube. 

A fluid containing a considerable quantity of suspended particles 
will, therefore, be divided, the particles moving along the axis of the 
tube, i.e., in the so-called axial current, while the fluid will be more or 
less completely relegated to the wall of the tube, constituting the so- 
called peripheral current. If the fluid contains particles of different 
sizes, the bigger ones will tend to occupy the central part of the current 
to a higher degree than the smaller ones and should the bigger particles 
take up a comparatively great portion of the volume of the suspension, 
the smaller particles will in consequence be more or less completely con- 
fined to the peripheral current. 

Since the speed of the current increases with the distance from the wall 
of the tube, the particles will attain a greater average speed than the 
fluid, and among particles of different sizes those of larger size will move 
along quicker than the smaller ones. This difference in speed of the 
different constituents of a suspension is of great consequence for under- 
standing the distribution of the blood-cells within different areas of the 
vascular system. 
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To render this more clear, let us assume a suspension in a receptacle 
A from which it flows through a capillary tube to a receptacle B. Let 
us further assume that the volume of the particles and the volume of the 
fluid are in the proportion of 1:3. As the suspension flows through the 
tube, the particles will move along more rapidly than the fluid. For the 
sake of simplicity, let us again assume the average speed of the particles 
to be twice that of the molecules of the fluid. The consequence is that 
during the transit of the suspensioa through the tube, the particles will 
only stay within the tube half as long, on an average, as the fluid parts; 
this naturally means that the relation of the volume of the particles to 
that of the fluid in the flowing part of the suspension within the tube will 
be in a ratio of 1:6. 

On the other hand, should the relation between the average speed of 
the particles and that of the fluid be unknown, it can be estimated by 
determining the volumetric relationship between the particles and the 
fluid in the original suspension, and also the analogous relationship in the 
suspension flowing through the tube. If, in using the same figures as in 
the previous example, the former ratio has been determined to-1:3, and 
the latter has been found to be 1:6 the first of these fractions divided by 
the second will give the average speed of the particles to that of the fluid 
parts, i.e., 2:1. 

In the case of a suspension with particles of different kinds, the relation 
between their average speeds can be determined in an analogous manner, 
that is to say, by estimating the relative number of particles of different 
kinds in the original suspension, as well as in that part of it flowing through 
the tube. Having thus found out the relation between the average 
speeds of the different particles, one is then in a position to form an opin- 
ion as to the relative situation of the particles in the cross section of the 
tube during the flow of the suspension. Evidently the more rapid par- 
ticles have moved along lines in the current situated at a shorter distance 
from the axis of the tube than is the case with the more slowly-moving 
particles. 

THE BLOOD IN THE VASCULAR SYSTEM AS A STREAMING SUSPENSION 
(17). Blood is drawn into a glass capillary tube. The completely 
filled tube is centrifugalized. This gives the approximate relation- 
ship of corpuscles to plasma. The relationship between red and 
white cells may be obtained, if desired, by making blood counts of the 
contents of the filled capillary, the capacity of which is known. We 
thus have the composition of the blood. Similar determinations are 
now made on the contents of the same or an identical capillary tube 
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through which the blood has been made to stream. For the sake of 
explicitness only, it may be mentioned that the first drops passing the 
capillary hold relatively more of the fastest flowing constituents of the 
blood—just as much more as these constituents are lacking in the 
the blood streaming within the tube. The diameters of the glass capilla- 
ries employed have varied between 1.5 and 0.05 mm. _ In principle the 
length of the tube is insignificant for the result. It is only a question 
of obtaining suitable quantities for the blood count and advisable 
length of the tubes for centrifugalization. 

Table 1 gives the change in the volumetric relationship between the 
erythrocytes and the plasma, when blood from a healthy person is 
streaming through glass capillaries of different diameter, and likewise 
the calculated average velocities of the erythrocytes in proportion to 











TABLE-1 
| VOLUME OF THE BLOOD | “a a 
DIAMETER OF THE TUBES _ = ae i ee 
Erythrocytes | Plasma | pacgart “* "= 100 
mm. per cent per cent 
1,100 40.5 | 59.5 | 100 
0,750 40.1 | 59.9 | 101 
0,450 39.8 | 60.2 103 
0,250 39.2 | 60.8 106 
0,095 33.6 | 66.4 135 
0,050 28.0 | 72.0 | 175 








those of the plasma. These figures show that with decreasing diameter 
of the tubes below 0.1 mm. the relative erythrocyte volume is very 
rapidly decreasing, the velocity of the erythrocytes on the other hand in 
proportion to that of the plasma very rapidly increasing. 

A biologically important consequence of the blood becoming poorer in 
red cells during the passage through narrow tubes and at the same time 
a further proof of the fact itself, is the behaviour of the relative viscosity 
of the blood in glass capillaries. This property has not been systemati- 
cally investigated in very narrow tubes, which explains the doctrine (22) 


‘generally embraced that, on the whole, the blood follows the law of 


Poiseuille; in other words, behaves like a fluid with regard to its viscos- 
ity. Unpublished investigations by the author have shown, however, 
this not to be the case. The relative viscosity of the blood is found 
highly reduced in capillaries of a diameter below 0.1 mm., the reduction 
being perceivable even in tubes of about 0.3 mm. in diameter. As 
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an example may be mentioned the fact that the relative viscosity of 
normal blood is 30 per cent lower in a capillary 0.05 mm. in diameter 
than in one 1 mm. in diameter. The explanation of these experimental 
results is undoubtedly the fact that blood, streaming in narrow tubes, 
is relatively much richer in plasma and poorer in corpuscles than it is 
when streaming in larger tubes. 

There would not seem to be much doubt that the same changes—dilu- 
tion of the corpuscle suspension and decrease of the viscosity of the blood 
—also occur in the body as the blood flows through vessels of correspond- 
ing diameters. The layer of fluid next to the glass- or vessel wall is 
stationary, while the flowing portion of the contents in both cases is 
moving, strictly speaking, within a plasma tube. 

Regarding the different distribution of the red cells within the vascu- 
lar system, an analogous opinion, founded upon experiments of quite 
another nature, has earlier been suggested. 

Whipple and his co-workers (55) some years ago pointed out, that the 
large discrepancy existing betweeen the values obtained for the circu- 
lating blood volume by different methods must depend upon the erron- 
eous supposition that the blood has the same composition in all parts of 
the vascular system. A comparison between values obtained with the 
monoxide method, by which only the red cell volume is directly deter- 
mined, and the dye method, by which only the plasma volume is directly 
determined, has led the above mentioned authors to the conclusion that a 
very considerable amount of the total blood volume, namely, that portion 
which is contained in the small vessels must be relatively richer in plasma 
than that portion which is contained in the heart and in the larger 
vessels. 

That this different distribution of the blood cells generally has been 
overlooked depends, inter alia, upon the fact that a drop of blood from 
the finger or the ear shows—at least regarding the red cells—the same 
composition as blood from an artery or a vein (41). But the composi- 
tion of a drop from bleeding narrow vessels is not the same as the compo- 
sition of the blood in the vessels themselves. It must be kept in mind 
that the red cells, forming the axial current, enter the drop with 
greater velocity than the plasma and thus accumulate in the drop. The 
face that the drop gets the same composition as the blood in the larger 
vessels proves therefore really that the blood in the narrower vessels is 
poorer in corpuscles. 

Regarding the position of the leucocytes in the blood stream in small 
vessels the universally accepted opinion, based on Schklarewsky’s (51) 
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observations, is that these cells stream in the peripheral layer of the bed 
—the reason of this being, as maintained by all hand- and textbooks, 
that the specific gravity of the white cells is lower than that of the red 
ones. In the frog, generally used in such studies, the white cells do 
predominate in the peripheral zone but in mammals the opposite is 
the case as has been demonstrated by experiments with capillary tubes, 
as described above. Here the evidence clearly shows that the leucocytes 
occupy the axial zone. The relative difference in size of the white and 
red cells in frog and mammalian blood gives the key to the true explana- 
tion of the phenomenon. In the frog the huge red cells claim the axial, 
fast-moving zone and thrust the small white cells into the peripheral 
stream; in mammalian blood in which the factor of size is reversed 
the leucocytes predominate in the axial zone. Differences in specific 
gravity of the cells have no influence upon their position in the stream. 

A very easy way of showing that in normal human blood the leuco- 
cytes indeed move more rapidly in the stream than the red cells is to 
suck up a drop of blood in a glass capillary. When the drop has been 
moved a certain distance the white corpuscles are closely collected 
behind the leading meniscus—the biggest white cells, namely, the mono- 
nuclear and the polynuclear leucocytes, being placed ahead of the 
lymphocytes. 

Quantitative treatment of the problem in the above mentioned man- 
ner gives the following result. A blood specimen with 9,600 white 
corpuscles per cubic millimeter has this number reduced to 5,800, when 
streaming through a glass tube 0.27 mm. in diameter. The erythro- 
cytes at the same time are decreased from 5 millions to 4.7 millions per 
cubic millimeter, so that the average speed of these cells to that of the 
white corpuscles must thus have been as 100 to 156. 

As these figures show, the blood in the narrower must contain per 
cubic millimeter only a fractional part of the leucocytes present in the 
larger vessels, provided the suspension stability is normal—notd bene, 
with regard to the streaming leucocytes. How many of these cells 
are momentarily adherent to the walls of the small vessels at present 
evades computation. 

THE BIOLOGICAL SIGNIFICANCE OF REDUCED SUSPENSION STABILITY 
(17). The suspension stability of blood is a term having the advantage 
of including a, the tendency of the erythrocytes to aggregate; b, the 
degree of aggregation itself, where it is able to take place—as in the small 
vessels during normal circulation and in the large ones when the currents 
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are diminished—and c, the increased sinking velocity in vitro, which is its 
most important consequence in ancient and modern clinical work. 

Changes in the suspension stability can be conceived as of biological 
importance in a twofold manner. The tendency to aggregate more than 
normally naturally suggests, as indicated above, some change in the sur- 
face layer of the erythrocytes which might produce some change of their 
function. On this point, however, no investigations have been pub- 
lished, as far as I know. But the consequences of the increased aggre- 
gation itself in the flowing blood are easily understood, if the foregoing 
statements are accepted. 

Aggregation of the red corpuscles may, as said before, be regarded as 
implying an artificial enlargement of the primary particle, the individual 
red corpuscle. A marked intravascular aggregation of the erythrocytes 
will therefore result in the following phenomena. The red corpuscles 
will now, more than before, be transported in the central parts of the 
current. Microscopical study of the appearance of the blood-stream 
in capillary glass tubes containing blood of different sinking velocities, 
will show a moving picture of the different current conditions. In blood 
of normal sinking velocity, that is to say, a couple of millimeter per hour, 
the red corpuscles are seen to move along in a suspension of uniform 
appearance in nearly the whole width of the current. It is only the 
most peripheral layers that are free from cell elements. In blood of 
high sinking velocity, for example, 100 mm. per hour, we find the red 
corpuscles clustered together into a more or less uniform snake-like 
formation, moving along in a narrower, sharply defined axial current, 
surrounded on all sides by a broader layer of plasma. In more pro- 
nounced cases the red corpuscles may completely occupy the central 
part of the current, while the plasma is entirely relegated to the wall 
layer. See figure 2. 

Of still greater consequence, however, is the increased intravascular 
erythrocyte aggregation for the distribution of the white blood corpuscles 
within the vascular system. If, assuming that the red corpuscles reach 
such a considerable degree of aggregation as to exceed the white cells in 
size, and further, if taking into consideration that the red cells occupy a 
great portion of the volume of the blood, the only conclusion to draw is 
that the white cells, from having previously moved along in the centre of 
the vessel will now come to occupy the peripheral current and from having 
previously moved along more rapidly than the red corpuscles they will 
now be moved more slowly. The result is that the blood in the finer ves- 
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sels will be richer in white cells than before, whereas the blood in the big- 
ger vessels will be correspondingly poorer in these cell elements. As an 
illustration the following instance may be cited: a sample of blood with a 
sinking velocity of 50 mm. per hour held 5,000,000 red cells and 8,300 
white cells. During the flow through a capillary tube of a diameter of 
0.27 mm. these figures became changed to 4,100,000 and 8,400 respec- 
tively. In this case, therefore, the white blood corpuscles had moved 
with a velocity of about 20 per cent less than the red cells. How the 
white corpuscles behave in blood of reduced suspension stability stream- 
ing through a glass capillary is clearly shown by figure 2. 

The suspension stability of blood may be promptly reduced, i.e., 
altered in a direction of increasing the aggregation tendency of the erythro- 





Fig. 2. Healthy blood, stability reaction 3 mm. and blood in pneumonia, sta- 
bility reaction 93 mm. Drawn up in glass capillaries and photographed at the 
instant motion ceased. In the preparation of the last named blood all the mar- 
ginally located cells are leucocytes. 


cytes in vivo, by intravenous injections of certain hydrophil colloids, as 
for instance gelatine. If, while the mesentery is kept under microscop- 
ical observation, a guinea pig be injected with a few cubic centimeters 
of a 10 per cent gelatine solution the contents of the narrow vessels 
almost immediately exhibit a strikingly changed appearance. Before 
injection the axial current of the red corpuscles gives only a diffuse 
picture of a streaming motion, the suspension stability of the guinea pig 
being high. The peripheral current is seen to contain plasma and some 
white corpuscles which, however, do not move along with the current 
but are fixed to the wall of the vessel—a phenomenon due to the fact 
that the leucocytes, in contrast to the erythrocytes, apparently possess 
the property to agglutinate with the endothelial cells of the vessel 
wall. The white cells adhere when the blood-stream, as occasionally 
occurs, becomes very slow or stops, the hydrodynamic forces regulating 
the flow of the different constituents of the blood thea being suspended. 
The gelatine having been injected, the first change occurs in the axial 
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current which takes on the appearance of a granulated stream, described 
above. The next moment the peripheral current also changes in aspect; 
the white corpuscles collect in great quantities and adhere in great num- 
bers to the vessel walls. This increase in the number of the leucocytes 
in the peripheral vessels must naturally correspond to an equally prompt 
decrease in the central vessels, a blood count from a larger vein made 
at this time showing indeed that the relative number of the white 
cells is markedly reduced, generally more than 50 per cent. In a rabbit, 
for instance, injected with 10 cc. gelatine solution, the number of 
leucocytes fell in a few minutes from 15,000 to 4,000 cubic millimeters. 
It is possible that the clean cut results of these experiments depend not 
alone upon an increased aggregation tendency of the erythrocytes, but 
also upon a similar increased aggregation tendency between the leuco- 
cytes and the endothelial cells of the wall of the vessel. 

In this connection it ought perhaps to be mentioned that the red and 
white corpuscles never show any tendency to aggregate with each other. 
Whether there are conditions in which the white cells cluster between 
themselves in the streaming blood, as is often seen in vitro (Schilling 
and Schulz, 50),is not known. If there are such conditions yet another 
factor must be taken into consideration with regard to the complicated 
behavior of the cells in the vascular system. 

In summing up, it may be said that the capacity of the organism to 
vary the degree of intravascular erythrocyte aggregation constitutes 
a mechanism which changes the arrangement of the different constituents 
of the blood in the cross section of the narrow vessels, as a consequence of 
which their relative velocity of circulation is altered in this part of the 
vascular system—a result which, of necessity, alters the composition of 
the blood in the narrow vessels and in the larger ones as well. 

What this means from a general biological point of view is yet, in 
many respects, difficult to conceive. But with regard to the changed 
distribution of the white corpuscles within the vascular system, the 
causality seems to be more clear. 

One of the most significant occurrences in the whole process of inflam- 
mation, is the out-wandering of leucocytes through the walls of the small 
vessels. The first step in this process is necessarily the adherence of the 
white cells against the vessel walls. It seems probable to me that the 
globulin increase of the plasma in infectious diseases is of great signifi- 
cance for this process, the white corpuscles being transferred in the 
above described manner to the frontiers. The teleological explanation 
of the reduced suspension stability in pregnancy may then probably be 
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considered as an increased readiness to meet injuries of such kinds, for 
the combat of which the white corpuscles play a rdle. 

But the increased aggregation of the erythrocytes in the vascular 
system during pregnancy and in disease is probably of importance also 
for the task which these cells themselves have to fulfill. In my opinion 
one reason why the hemoglobin is enclosed in corpuscles is that this 
guarantees to the hemoglobin a relatively more rapid transport in that 
part of the vascular system where the circulation is slow, i.e., in the 
narrow vessels. But this advantage of the hemoglobin over the plasma 
will be more marked if the erythrocytes are aggregated, the aggregates, 
as stated above, reaching the functional destination of the red corpuscles, 
namely, the capillaries, more rapidly than the isolated units. 

In this connection, it should be pointed out that quite peculiar cir- 
cumstances of great physiological interest with regard to the function of 
the red corpuscles develop when the blood passes capillaries of active 
organs. The muscle capillaries are so narrow that a single corpuscle will 
completely fill the lumen of the vessel (Krogh, 29). Consequently no 
division in axial and peripheral current can occur. This being the case, 
the average velocity of the red corpuscles will naturally be diminished 
to that of the plasma. The blood will therefore in the true capillaries 
receive back the high hemoglobin percentage which it had in the larger 
vessels, but which in the next moment, on entering the peripheral 
veins, will again be lost. 

For the best utilization of the hemoglobin-store of the organism it is 
essential that a maximum of this substance with a maximum of free sur- 
face be present in the capillaries; and it is further essential that the 
transport of this substance from the capillaries of the lungs to those of 
the tissues and vice versa should be as rapid as possible. These ideal 
conditions seem to be realized to a high degree in the horse, where the 
single corpuscles are very small but their aggregation tendency is exceed- 
ingly great, for the aggregation of the corpuscles in the narrow vessels 
not only guarantees a faster transport of the red corpuscles, but as a 
consequence leads to an increased concentration of these cells in the 
larger vessels and, as has been demonstrated, thus also in the true 
capillaries. 

PATHOLOGICAL CONSEQUENCES OF REDUCED SUSPENSION STABILITY 
(1, p. 168). On the other hand, it is not unlikely that a highly increased 
aggregation tendency of the erythrocytes may sometimes constitute an 
element of danger, the suspension stability of the blood being so reduced 
that its fluidity is jeopardized. 
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Virchow once defined thrombus formation as an intravascular coagula- 
tion of the blood. Later work, however, has shown that this definition 
only applies to a minor group of thrombi, the larger and more important 
group being the so-called aggregative or pulsative thrombi. These are 
chiefly formed by an aggregation of the cell-elements and arise only in 
the flowing blood. There is no doubt that the thrombocytes play the 
leading role in their formation, but most writers agree that the erythro- 
cytes may participate even in an early stage. It thus seems beyond 
doubt that, in the already complicated etiology of the thrombosis, 
consideration must also be given to the increased tendency of the red 
corpuscles to aggregate. And this opinion is strengthened by the fact 
that thrombosis of this type and increased sinking velocity occur coin- 
cidentally, the thrombi occurring chiefly in most infectious diseases, and 
especially in pneumonia, where the suspension stability is so markedly 
reduced, and furthermore, during pregnancy and the puerperium where 
thrombi of non-infectious origin not infrequently occur (Klein, 28). 
Another possibility worth investigating is that the globulin increase not 
only augments the aggregation tendency of the erythrocytes but also of 
the thrombocytes, which from our present standpoint would be of vital 
moment in the etiology of thrombosis. In this connection it may be 
pointed out that the eminent French hematologist, Hayem (20), long 
ago observed that the blood in inflammatory diseases, besides being rich 
in fibrinogen, is also characterized by an increased tendency of the 
thrombocytes to agglutinate. 

There is still another kind of thrombosis in which the aggregation tend- 
ency of the erythrocytes must be considered to be of primary and quite 
predominant importance, namely, the thrombi solely consisting of red 
corpuscles and described as characteristic in the capillaries in certain 
morbid conditions. ' Schmorl’s (52) classical researches showed that the 
pathological anatomy of eclampsia, the severest of the complications 
of pregnancy, is characterized by multiple capillary thromboses with 
accompanying necrotic changes, especially in the liver and the kidneys. 
These organs are described by Schmorl in the following way: ‘Schon 
bei der Untersuchung von dem frischen Organ entnommenen Schnitten 
findet man sehr hiufig dass zahlreiche Kapillaren und kleine Venen so 
vollgestopft sind mit roten Blutkérperchen, dass dieselben unter Ver- 
schwinden ihrer Konturen zu einer homogenen, roten, glasigen Masse 
zusammengesintert sind, welche das Lumen der betreffenen Gefisse 
prall ausfiillt.” 

The organic changes which are constant and most typical for eclamp- 
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sia are located in the liver. The thrombi are predominant in the finest 
branches of the portal system. ‘Those parts of the liver parenchyma in 
the neighborhood of the thrombi are necrobiotic. Schmorl regarded 
this picture as absolutely pathognomonic for eclampsia but, as Beneke 
(6) has pointed out, it has a striking equivalent in the liver change 
produced by the injection of hemagglutinating sera. 

As there are reasons to believe that the aggregation tendency of the 
erythrocytes in eclampsia is greater than in normal pregnancy, because 
of the pronounced polycythemia existing in this disease (Zangemeister, 
63)—relatively much stronger than the values of the stability reaction 
indicate—it seems probable that the intravascular aggregation of the 
erythrocytes in eclampsia may explain, at least to a high degree, the 
predominant characters of the anatomical changes found post mortem. 
Similar capillary thrombi are also often found in infectious diesases, as 
pneumonia, diphtheria and abdominal typhus. (See Beneke, 6.) 

Intravascular aggregation of the erythrocytes may be of even greater 
pathological importance than has been thought because it is difficult 
to determine, in the microscopical preparations, whether the aggregates 
have been sufficient to produce embolism. Unpublished investigations 
by the author indicate that a considerable pressure is necessary to force 
the aggregates of erythrocytes in blood, the suspension stability of which 
is strongly reduced, through narrow glass capillaries—a pressure of 20 
mm. Hg, for instance, being required to drive blood with a stability 
reaction of 100 mm. through a glass tube 0.1 mm. in diameter. In such 
a case microscopic inspection shows that the difficulty is due to the 
aggregates which plug the entrance of the tube. Normal blood, on the 
contrary, will flow through a similar capillary with very much lower 
pressures. It seems to me obvious from the results of these experiments 
that circulatory disturbance in the narrow parts of the vascular system 
as a consequence of falling blood pressure, for instance sub finem vitae, 
must be more marked in patients with strongly reduced than in patients 
with a more normal suspension stability of the blood. 
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Statistics have been collected in almost every field of scientific en- 
deavor and they are reported in a very large proportion of physiological 
papers. A tabulation of quantitative and non-quantitative papers for 
every fifth year in the American Journal of Physiology illustrates the 
degree to which statistics are collected by physiologists. 














YEAR | NON-QUANTITATIVE QUANTITATIVE Pll cntesen 0 
1898 | 22 | 14 39 
1903 | 35 34 49 
1908 | 70 | 26 27 
1913 | 39 17 30 
1918 | 61 56 48 
1923 | 87 100 53 
1927 | 120 167 58 





The pertinent fact about these observations is that physiology has 
always been a subject which deals to a very high degree with quantity 
and frequency. 

Statistical method represents the ways and means of handling quanti- 
tative data. It has been applied to statistics in almost every domain 
and in all instances has proved itself to be effective, consistent and in- 
dispensable. Since physiologists are dealing in a very large measure 
with quantitative material, they should seriously consider what statis- 
tical method has to offer them in the form of ready-made tools of analysis. 

There are scores of definitions for statistical method. Those of Yule 
(687, p. 5) are all inclusive and consequently most commonly accepted. 


By statistics we mean quantitative data affected to a marked extent by a 
multiplicity of causes. 





1 The author expresses his appreciation to Dr. Lowell J. Reed for his criticism 
of this paper, and for some of the general thoughts expressed therein. 
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By statistical methods we mean methods specially adapted to the elucidation 
of quantitative data affected by a multiplicity of causes. 


By theory of statistics we mean the exposition of statistical methods. 


These definitions implicitly assume that the observations to which 
statistical methods are applied have been carefully taken. Clean-cut 
definitions of material and experimental technique are indispensable 
prerequisites. Statistical workers who fail to scrutinize the goodness 
of their observed data and carry through a satisfactory analysis upon 
poor observations, will end up with ridiculous conclusions which cannot 
be maintained. 

Statistical reasoning centers about the probable error concept, and 
the adaptation of this concept to the study of variable data. Assump- 
tions are made in the development of statistical inference equations; 
common sense aids by telling when to apply the equations to observed 
experience in light of the assumptions which have been made. 

In order to gain some knowledge of the degree to which statistical 
logic is being used, a survey was made of a sample of 200 medical-physio- 
logical quantitative papers from current American periodicals. Here is 
the result: 

a. In over 90 per cent statistical methods were necessary and not used. 

b. In about 85 per cent considerable force could have been added to 
the argument if the probable error concept had been employed 
in one form or another. 

c. In almost 40 per cent conclusions were made which could not 
have been proved without setting up some adequate statistical 
control. 

d. About half of the papers should never have been published as they 
stood; either because the numbers of observations were in- 
sufficient to prove the conclusions or because more statistical 
analysis was essential. 

Statistical methods must eventually become an essential tool for the 
physiologist. It will be the physiologist who uses this tool most effec- 
tively and not the statistician untrained in physiological methods. 

The subject matter of physiology deals primarily with results of 


experimentation. Determinations of cause and effect are dominant 
themes. 


The more perfect the experiment—(Yule, 689, p. 3)—the more nearly the 
experimental ideal is attained—the less is the influence of disturbing causes, and 
the less necessary the use of statistical methods. The more imperfect the ex- 
periment—the greater the failure to attain the experimental ideal—the greater 
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is the need for statistical methods. Experiment is most perfect in the case of 
physics and chemistry. Here the influence of disturbing causes is usually small, 
though not negligible. In biology—in many instances at least—experiment is 
inevitably much less perfect. The external conditions are much more difficult 
adequately to control; the internal conditions of either plants or animals are 
largely beyond control, and beyond even such observations as may enable us, 
if we so desire, to select a series of similar individuals. Experimental work, 
therefore, on plants or animals—work, for example, in physiology, genetics, or 
psychology—is, as a rule, very far from attaining the experimental ideal: a 
residuum of disturbing causes is nearly always troublesome. 

For another moral, let the experimenter who is driven to use statistical methods 
not forget this, that the very fact that he is compelled to use statistical methods 
is a reflection on his experimental work. It shows that he has failed to attain 
the very object of experiment to exclude disturbing causes. He should ask him- 
self at every stage: Are these disturbing causes really inevitable? Can I in no 
way eliminate them or reduce their influence? It is often the case (e.g., in 
biology) that the experimental worker shows a certain, indeed a strong, prejudice 
against statistical work. From the present standpoint his attitude is natural 
and right, so long as perfect experiment or nearly perfect experiment is possible. 
But where this is no longer the case the attitude ceases to be justifiable. Sta- 
tistical methods afford the only hope of progress. 


A. PREREQUISITES TO THE APPLICATION OF STATISTICAL METHODS. 
Before applying the statistical method to observed data the physiologist 
should carefully scrutinize the units of measure, the material studied, 
and the technique used in the experiment. He also needs to compre- 
hend the significance of a frequency distribution and have a working 
knowledge of the probable error concept. 

1. Scrutiny of the units of measure. If the physiologist desires to use 
the statistical tool in a particular instance, he must satisfy himself 
that the units of measure with which his experimental work is con- 
cerned are adequate for the purpose of answering the question which 
he is attempting to solve. Most of the criticism by the physiologist 
against statistical studies is directed at failure of the statistical worker 
to evaluate the goodness of his observed facts. Usually the physio- 
logical problem is directed at some general concept; such as cardiac 
reserve, growth of the child, metabolism of the cell, heredity, ete. 
Cardiac reserve is measured in terms of pulse beats, blood pressure, 
electrocardiograms; the growth of the child, in terms of stature and 
body weight; the metabolism of the cell, in terms of gaseous exchange; 
the heredity of mice in terms of inherited characteristics. These facts 
which are observed and counted might be good or poor with reference to 
measuring the abstract concept in which the physiologist is interested. 
For instance, a pound of weight and an inch of height are both definite 
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concepts of measure. The increase in one pound of weight or in one 
inch of height in a child, age 3, are measures of growth. One might ask 
—do these increases in weight and height stand for the same abstract 
ideas in the child as they would if they had occurred in the parent? 
Obviously the biological significance of the increase in weight and height 
varies with reference to abstract concepts, such as growth, nutrition, 
build, etc., which they are presumed to measure. Suppose that one 
considers the increase of weight in a child from 3 to 4 years as a certain 
per cent of its adult weight and the increase in height for the same age 
interval as a per cent of the adult height, these two per cents are not 
identical with reference to the abstract ideas of growth, nutrition and 
build. Increase in height is largely a measure of bony development 
while increase in weight is a complex index of mass development, build 
and nutrition. Consequently, it is wrong to say that “the growth of 
the child is proceeding at a certain rate in this age interval,’’ the state- 
ment must be that “the growth of the child, in so far as it is measured 
in terms of body weight, or body height, is proceeding at a certain rate 
in this age interval.” 

2. Scrutiny of the material used. The homogeneity of a group of ex- 
perimental animals is always a matter of considerable importance to 
the physiologist. He is particularly concerned that his control animals 
correspond as closely as possible with those upon which he is attempting 
to solve a physiological problem. Varying degrees of homogeneity 
among laboratory animals are required by different types of physiologi- 
cal experiments. In many cases it is sufficient that the control group 
consist of animals in the same species and approximately the same age 
as those which are subjected to experimentation. When the problems 
of physiology merge into those of immunology it is frequently necessary 
to obtain animals with a similar genetic pattern. In a statistical analy- 
sis of such a problem it is a prime essential to determine whether or not 
the objects of experimentation are representative samples from a single 
universe of facts. Samples which represent several universes must not 
be used for intercomparisons. Whenever such items as sex, age, ex- 
posure to disease, diet, weight, activity, racial stock, etc., can make any 
difference in the experimental conclusions, the control and experimental 
groups must be as nearly identical as possible in all such characteristics. 

8. Scrutiny of technique. A statistical analysis of physiological data 
is usually not primarily concerned with a high degree of accuracy in 
physiological technique. However, technique must always be suffi- 
ciently accurate to measure the objects of experimentation within their 
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natural or physiological variability. For example, the means, the stand- 
ard deviations and other frequency constants of hemoglobin determina- 
tions by the Newcomer method upon a hundred individuals could be 
determined with almost the same degree of accuracy if the measurements 
were read in grams of hemoglobin per 100 cc. as if the readings were in 
milligrams per 100 cc. The inefficiency of coarse grouping is practically 
eliminated by large numbers of observations. 

This is not true, however, if biased errors are present in the measure- 
ments. If the hemoglobin scale is faulty, for instance, the total error 
might be considerable. Constant errors must be weeded out by con- 
sideration of improvement in experimental technique. Accidental 





























er 

> 10+ Scale [__]= One _—— 
= per 2 million 
> 8 rae 7 red blood cells. 
& BE 

6 = 

4r { \ 

| ‘ 
ef ng 
ok | | 























40 42 44 46 4800S BCGO 
Red blood cells (millians.) 


Fig. 1. Bar diagram of frequency distribution of red blood cell counts in 40 
normal individuals. 


errors for the most part can be evaluated by the so-called normal curve 
of errors which will be considered later in the discussion. 

4. Frequency distribution. After a statistical series of data is accu- 
mulated by observing corresponding facts upon homogeneous material, 
the easiest way in which to comprehend the data as a series is to arrange 
them in the form of a frequency distribution. 

In table 1 a sample distribution is given of Haden’s data (244, p. 770) 
on normal red blood cells. A diagram of such a frequency distribution 
is usually represented as a bar diagram as shown in figure 1. 

Computation technique for mean and standard deviation. Proportion- 
ate first moment about arbitrary origin = 


1 
1 = _ = 0.45 (class units) = 0.09 million red blood cells 
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Proportionate second moment about arbitrary origin = 


122 
v2 = wT) = 3.05 (class units) 


(actual units = 0.2 times class units) 


M = mean = average = arbitrary origin + 0.2 »; = 4.99 red blood cells millions 





o (sigma) = standard deviation = VU second moment about mean = 


V/ vm — (n)*? = 073.05 — 0.2025 = V/2.8475 = 1.68745 class units or 
0.3375 red blood cells (millions) 





TABLE 1 
Example of frequency distribution 

















| INITS, | 
sethantes JRBQUERCY IN | “a 02 nn st te FIRST MOMENT = pi eth cane apen 
ACH CLASS UNIT | RED BLOOD CE FREQUENCY TIM mOe ' 
BESSS Canes OF 0.2 MILLION WITH penn then > ye UNIT 7 os UmES 
| ORIGIN AT 4.9 | QUAnES 
millions | | 
4.2-4.3 2 — | -6 18 
4.4-4.5 4 —2 | —8 16 
4.64.7 4 —1 —4 4 
4.8-+4.9 11 0 0 0 
5.0-5.1 S +1 | 48 8 
5.2-5.3 6 +2 +12 24 
5.4-5.5 4 +3 +12 36 
5.6-5.7 1 | +4 +4 16 
Tetel......... 40 | +18 122 














Probable error of this distribution = 0.67450 = 0.2276 red blood cells 
(millions). 

The computation of many statistical constants is simplified by com- 
puting in frequency groups. The effect of frequency grouping upon the 
statistical result is usually negligible. Direct and group computation 
of the average in Haden’s data is as follows: 





























Direct and group computation of average 
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4.2-4.3 | pp! He 2 8.6 
4.40 4.5 
4.52 4.5 
4.44.5 456 as 4 18.0 
4.58 4.5 
4.64 4.7 
4.6-4.7 a 4 18.8 
4.73 4.7 
( 4.80 4.9 
4.80 4.9 
4.80 4.9 
| 4.80 4.9 
| 4.84 4.9 
. 
4.8-4.9 | 4.87 4.9 ut 58-0 
4.89 4.9 
4.93 4.9 
4.97 4.9 
4.98 4.9 
4.99 4.9 
| 5.00 5.1 
| 5.02 5.1 
| 5.05 5.1 
5.05.1 { pe “ 8 40.8 
| ; 
| 5.10 5.1 
| 5.15 5.1 
| 5.16 5.1 
| 
| 5.20 5.3 
| 5.20 5.3 
| 5.20 5.3 
5.2-5.3 | 6 31.8 
| 5.26 5.3 
| 5.28 5.3 
| 5.36 5.3 
5.46 5.5 
5.5 
5.4-5.5 a 58 4 22.0 
5.57 5.5 
5.6-5.7 5.62 5.7 1 5.7 
re 198.91 199.60 40 199.6 
Average...... 4.973 4.990 4.99 
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Three simple and highly efficient constants which give a general 
description of a frequency distribution are the average, standard de- 
viation and the probable error. The calculation of the standard devia- 
tion (c) is shown in table 1. The formula of standard deviation is as 
follows: 








/ 


f= of the squared deviations from mean 4/ > (x)? 
c= 


number of observations 








nm 


The probable error and standard deviation are the same kind of 
measures and consequently have a constant relationship to each other: 


Probable error = 0.67450 


A nomogram of this relationship will be found on page 341. 

When frequency distributions are based on small samples and contain 
coarse grouping effects, there is a considerable amount of variation 
between the bars of such diagrams as illustrated in figure 1. If the 
number of observations is large and the groups quite small, the distri- 
bution would approach a smooth curve (such as the one drawn). In 
order to be a good fit to the observed frequencies such a theoretical 
curve must contain between it and the abscissa a total area which is 
equivalent to that of the observed bars of frequency. Also the areas 
for every class interval under the theoretical curve must be propor- 
tionately equivalent to the corresponding observed bars. 

If the distribution is markedly asymmetrical, measures of skewness 
must be calculated in order to obtain a more complete description. Or- 
dinarily this will not be necessary in most physiological problems. It 
is essential to realize that the mean and standard deviation are only two 
of the descriptive facts about this distribution. If one should take the 
distribution as indicated in the bar diagram, cut out a piece of card 
board similar to it, and then attempt to balance the abscissa of the card 
board on a knife edge the mean would represent the center of gravity 
and the o the radius of gyration of the distribution. Consequently, 
these two descriptive constants are simple concepts which the mind 
finds easy to grasp. 

5. The probable error concept. Computation of simple constants is 
usually sufficient to describe statistical data. However, descriptions of 
statistical data are often made upon small samples. The desire to 
go further than description arises from deep rooted belief of scientists 
in the existence of order and arrangement in phenomena observed in 
nature. ‘In the first place,’ says Whitehead (659, p. 5) “there can be 

















STATISTICAL METHODS IN PHYSIOLOGY 283 


no living science unless there is a widespread instinctive conviction in 
the existence of an Order of Things, and, in particular, of an Order of 
Nature.” This belief leads directly to the concept of sampling. If 
there is an order of things, it is assured that there will be a degree of 
stability in the results obtained from successive samples. If this were 
not true, no significance could be attached to any study except one which 
included the entire universe of corresponding facts. 

Obviously the physiologist performs an experiment from which he 
intends to draw inferences with respect to the universe of all similar 
experiments performed in the future. The words “universe” or ‘“‘popu- 
lation’ are designated as the conventional terms to indicate the type 
of data from which a certain sample has been drawn. The experimenter 
naturally assumes that his particular sample is a good one and repre- 
sentative of the universe about which he is talking. With reference to 
the example on blood counts it is reasonable to suppose that the 40 
individuals were normal in every respect and representative of the uni- 
verse. Yet the theory of sampling states that sometimes a sample of 
40 will be drawn which will not be representative and the present sample 
has a chance of being the unusual and non-representative one. To be 
sure it is true that the physiologist is more likely to draw an ideal sample 
from the universe of facts which he is studying than he is to draw one 
which deviates widely. As he performs a considerable number of 
experiments he feels a corresponding increase in certainty that his 
results represent an ideal sample. Consequently, he is able to draw 
general inferences with greater boldness and a sense of security. 

The application of the probable error concept to practical laboratory 
problems enables the investigator to know how much experimental 
work must be done in order to obtain a measured degree of security. 
Not only does the probable error concept offer a solution for such sam- 
pling problems but it does so with economy of effort. It enables one to 
use comparatively small numbers of representative data and establish 
conclusions approximating those obtained by a very large study from 
the same kind of data. Since physiological statistics are frequently 
difficult to obtain, the application of the probable error concept to 
problems in this subject is especially desirable. 

- The formulae for probable error arise from consideration of the so- 
called normal curve of errors. Other names for it are the normal fre- 
quency distribution, the Gaussian Curve, the LaPlace Curve, the De- 
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Moivre Curve, the Law of Chance, or simply the normal curve. The 
normal curve is expressed as the following function: 


r 
2 o 





n 
Y \/ on € 
in which y is frequency, < is the variable factor with which the investiga- 
tor is concerned expressed in deviation from its average value, o is the 
standard deviation of x, and e and z are the two well-known constants 
2.71828 and 3.1416, respectively. 

The normal curve is particularly useful because of its wide applica- 
tion in many subjects. It describes the variation in many biological, 
physiological, anthropological and sociological subjects. It evaluates 
the variation in chance experimental errors and is the limit of the point 
binominal, an expression involving probabilities in the form of 
combinations. 

Since the normal curve is a frequency distribution, the average and 
the standard deviation can be computed as indicated in table 1. A 
set of normal curves is pictured in figure 2. Obviously the curve is sym- 
metrical. The mean is at the mid-point of the distribution (fig. 2a) 
and divides the total area into two equal parts. The boundary lines of 
plus or minus one probable error from the mean value include half 
of the total area between them (fig. 2b). If the distance of two prob- 
able errors is measured on each side of the mean (fig. 2c) 82.26 per cent 
of the total area of the normal curve will lie within these limits. The 
boundaries of plus and minus three probable errors from the mean 
of the normal curve include within them 95.70 per cent of the total fre- 
quency. The total area under the normal curve can be expressed in 
terms of standard deviation quite as easily as those of probable error. 
The limits of plus or minus one standard deviation from the mean en- 
close 68.26 per cent of the area and those for plus or minus two times 
standard deviation 95.45 per cent (figs. 2e and f). Standard deviation 
and probable error are the same type of measures and, consequently, 
they have a constant relationship to each other. 


Probable error = 0.6745¢ 


Since these terms are corresponding units of measure only probable 
error will be used hereafter in the discussion. 

Because the normal curve has a very wide application, it is desirable 
to adequately describe the area beneath the curve between any set of 
abscissal limits. Such a procedure saves much labor in applying the 
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normal areas to the great number of observed frequency distributions 
which it fits with reasonable accuracy. Tables of area under a normal 
curve have been published by many different authors; an abbreviated 
table is given near the end of this paper, page 341. All tables of the 
probability integral express the area within specified limits as a propor- 
tion of the total area which is considered to be unity. Since standard 
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Fig. 2. Subdivisions of the area under a normal curve by probable error and 
standard deviation limits. 


deviation is usually given in some absolute unit, such as red blood cells 
in our example, the measure of deviation from the mean (in red blood 
cells) must be given in terms of o (which also is in terms of red blood 
cells). Consequently, the limits for any portion of the normal curve 
deviation from mean ; 
standard deviation The Gaeens 
table of deviations on page 341, define the proportionate area outside of 
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plus and minus variations from the mean in terms of ~. For practical 
Co 


work a more complete table than this is rarely necessary. 

By means of the average, standard deviation and number of observa- 
tions, the distribution of the area under the normal curve is completely 
defined. The next important step consists in applying the areas of the 
normal curve to give the investigator some concept about the goodness 
of the sample which he has drawn. 

Probable error equations are available for this purpose. For instance, 
in the illustration based upon red blood cells, we have observed as a 
matter of description that the computed mean is 4.99 millions and the 
calculated standard deviation is 0.3775 million. If the distribution is 
made from a large sample these constants signify that 68 per cent of the 
observations would fall between the boundaries of plus and minus one 
standard deviation, viz., 4.6525 to 5.3275, and that 95 per cent of the 
observations would fall between the boundaries of plus and minus two 
standard deviations, viz., 4.315 to 5.665. 

The question then is asked—What degree of dependence can one place 
upon a mean and a standard deviation which has been calculated from 
only 40 cases? What are the chances that the particular sample of 40 
with which one is working represents a typical distribution of red blood 
cell counts in normal individuals? 

To answer this question experimentally it would be necessary for one 
to obtain many samples of 40 observations each, calculate the mean 
and standard deviation of every sample, make a frequency distribution 
of these values and compute the probable error of such a distribution of 
means or standard deviations. Such an experimental solution would 
be impracticable. There are well-known and thoroughly tested equa- 
tions which relate the probable error of such hypothetical distributions 
of computed constants to the number of observations and the standard 
deviation of the observed sample. 

If, 


o = standard deviation of the observed material (in example 0.3375 million red 
blood cells) 


and, if, 
M = mean of observed material (in example 4.99 million red blood cells) 


and, 


n is the frequency (in example 40 cases) 
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then, 
0. 
the probable error of mean = P.E.,, = 0.6745 beep (0.6745) 3375 — 
Vn V 40 
0.3375 
0.6745) | ——— } = 0.036 
_ fe . 


Likewise, 





the probable error of the standard deviation = 074s ( od ) = 0.6745 


V2n 
0.3375 
= 0.02543 
(Ya) 


The degree of dependence which the investigator is able to place in 
such an observed mean is indicated by the size of its probable error. 
If he should sample many frequency distributions of 40 cases, he could 
expect that the true mean of the universe would fall 50 per cent of the 
time within the boundary lines of plus and minus one probable error, 
viz., 4.954 to 5.026. 

The limitations in the application of probabie error equations due to 
the assumptions upon which they are based are summarized in the table 
of statistical equations at the end of this article. 





B. THE USE OF STATISTICS AS A LABORATORY TOOL. Since experiment 
is the vital element in the development of physiology as a science, it 
is very important to see how statistical method can help out the investi- 
gator to a better comprehension of his routine results. 

1. Description of measured data. In order to obtain a mental picture 
about a set of complex data, detailed enumeration must be replaced by 
comparatively simple descriptive constants which can be visualized. 
To be sure, computed constants will practically never contain all the 
details which exist in the original observations. However, this limita- 
tion in description is an advantage rather than a drawback since it is 
multiplicity of detail which confuses the mind and makes it impossible 
to grasp a clean-cut picture of the important facts in the data en masse. 

The bulk of physiological data can be roughly pictured by compara- 
tively simple statistical constants. Frequency distributions can usually 
be sufficiently described by the computation of a mean and standard 
deviation. Most bivariant data are in the form of simple linear corre- 
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lation and can be evaluated by correlation coefficients. These three 
constants need to be computed in a great variety of physiological prob- 


TABLE 2 
Data of Haden on red blood cell counts, red blood cell volume and hemoglobin 





MEN | 























| WOMEN 

Red Volume Red Volume || | Red Volume 
A blood Hemo- | of red A ion Hemo- | of red A lend Hemo- | of red 
Be | eelle | globin ~— Be | tals | globin blood | Be ells | Slobin blood 

aid grams es grams 1} aft. grams 
millions| per 100 |per cent millions| per 100 |per cent) i—~ per 100 | per cent 

cc. ce. | ec. | 
18 | 4.93 | 16.20 | 45.0 30 | 4.80 | 15.10 | 46.5 | 20 4.15 13.20 38.0 
18 | 5.10 | 16.20 | 48.0 || 30) 4.73 | 13.80 44.0 21 3.89] 12.12 | 36.0 
19 | 5.20 | 15.75 | 45.0 || 31 | 4.40 | 14.41 | 43.0 | 22) 4.20 13.10 | 38.0 
4.80 | 16.08 | 45.5 || 32 | 5.20 16.10 | 45.0 23 | 4.40) 13.50 | 40.5 


5.62 | 16.61 | 51.0 || 32 | 5.02 | 15.52 | 46.0 | 25 | 4.45, 13.88 | 41.0 
4.87 | 15.13 | 45.5 || 32| 4.80 15.11 | 46.0 26 | 4.38) 14.80 | 43.0 
4.84 | 15.00 | 42.0 |) 33 | 4.58 | 14.50| 45.0 27 | 4.72 14.60 | 43.0 
5.26 | 16.40 | 49.0 || 35 | 5.05 | 15.45 | 46.0 | 27 | 3.97 11.90 | 37.0 
5.49 | 16.70 | 49.5 || 35 | 5.15 | 16.50 | 48.0 | 30 | 4.56 14.00 | 41.0 
5.50 | 16.05 | 50.0 || 35 | 5.46 | 16.15 | 49.0 | 38 | 3.95) 12.10 | 37.0 
5.36 | 16.10 | 47.0 || 35 | 4.97 | 15.40 | 45.0 | 40 4.31) 13.40 | 40.0 
4.98 | 16.32 | 47.0 || 36 | 4.80 | 15.40 | 45.0 || 40 4.26 13.50 | 39.0 
5.00 | 16.40 | 45.0 || 38 | 4.27 14.00 | 39.5 | | | 
4.70 | 14.72 | 46.0 || 39 | 5.16 | 16.10 | 47.5. | 

5.57 | 17.17 | 51.0 || 40 | 4.64 | 14.30 | 42.0 | 

5.09 | 15.53 | 45.0 || 44 | 5.20 | 16.90 | 49.0 | 

4.72 | 14.70 | 44.0) 44 | 4.56 14.20 | 42.0 | 

5.09 | 15.80 46.0 49 | 4.32 | 14.00 | 40.0 | 

4.52 14.02 | 44.0) 50/ 4.89 15.60 | 44.5 | 

4.99 | 15.70 | 46.0 || 50 | 5.28) 16.10 | 48.0 | | 
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(There were 21 corresponding sets of observations for a group of people diagnosed 
pernicious anemia. The sex and age were not given in this abnormal group.) 





| 
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| | | 











0.74| 2.76| 10.0) | 1.68! 6.20 | 18.5. 2.27) 5.95 | 37.0 
1.24 2.63 | 15.0 | 1.73 | 5.89 | 22.0 | 2.33) 9.08 | 28.5 
1.38 | 4.65 | 15.0 1.75 | 7.35 | 21.0 | 2.60, 7.60 | 28.0 
1.42 | 6.65 | 19.5 1.81 | 6.15 | 22.0 | 2.79} 10.20 | 32.0 
1.58 | 6.80 | 21.0 1.88 | 9.22| 29.0 || | 2.93) 12.90 | 36.5 
1.64 | 7.13 | 21.0 1.99 | 8.20 | 26.0 | | 3.33) 12.20 | 37.0 
1.61 | 5.60 | 18.0 2.10 | 8.59 | 25.0 1.94) 7.28 | 24.5 

















lems. Consequently, an example of computation technique is given in 
tables 3 and 4, and the original data in table 2. 

















289 


STATISTICAL METHODS IN PHYSIOLOGY 


88¢8°0 
= 2§334% = quowyjooo uoreleii0s = 4 
seo’s 
= C180 — $8°S = (4!) (714) —Va= = 
SUBOUT NOG’ JUSMIOU JONPOId-ssoId OY], 
c°% = 


6h LEE'0 


= (Z'0) (Sh289°1) = sztun jenjowe ut “0°, 


SSB[D UI CPLQO'T = SLisZA = Mr 
C1¥8°% = S702 0— GOS = 2("4) — “a 


sjiun 
’ = "op 


UBIUT YNOG’ JUUIOUI puodeS OY, = “#7 


66°F 


= (Z) (oh) + OF = spun [enzoe ul 
“la + ulsiio Areijiqie = fA Jo uvoul OWL 
ta 





9F28'°0 
= (¢°0) (S6h2°1) = 8}tuN [eNZ08 UI 70°" 
szrun 
SSBjo Ul E6PLT = MEA = A = *o 
90° = 6h — So's = (74) — “Fa 
usoul ynoqe zuomIOUr puooves eaL = ttn 
9°ST 
= (¢°0) (2°0) + Sz'eT = Stun [en4oe ut 
"la + UISIIO AIBI}ZIGIG = F JO UBOUI OY], 
































er) = USO ArBiIzIqIe 943 ynoGE coe = & = coe = ff = 7a 
quewloul 4onpoid-sso19 oeyy, = “4 Ch'0 = Sf = "a Lo = 2) = 7a 
[O18 SUIZTIIO AIVIZIGIV BS9Y} YNOG*B S}IUN SsBO UI S}UBWIOU 9}eUOTJIOdOId 9], 
‘SUOT[[IUI UI S][99 POOTq pel 6} = A Jo UIBIIO AIvIzIGIB OY], 
‘29 NOT/UIqo[Zouley Jo sulBIs CZ CT = X Jo UIZIIO AIBIZIGIB OY T, 
ChI+ = c(X)A 18901, |91+/\98+\sp+i9+ | O [€+ P2+\6+ | s(X) Soult} Y 
Sh+ = XH I[%30L b+ |ZI+/\p2+/9+ | 0 €- joI-le- | X Soult} Wy 
wt ie+ c+ |I+ | 0 |I— je—- /e- |” 99 QOT Jed ure 
co ylun ssejo ‘qy = Xx 
bli+ 83+ Zzl_| 8I+ ojdures 
=(*xXa)4 |. = *xd | = (Af | = “Ss jo zis 
1870.1 T840L| [830L) [8IOL 10U = (OF | IT i oI | 9 L € 9 . F See oe 99 QOT Jed 
wieiZ CQ JO YUN SsBIO 
ul ‘qq jo Aouaenbely = 4 
ZI+ Se 9I+ bb t+ I i I = oe = ens Pe an Fe O60 608 5 EPR OS 4 1¢-9'¢ 
ee+ Ti+ 9+ oI+ €+ r I I 4 nt hg) See Sa Sooke ee Seeea—> ¢¢c7s 
2+ ZI+ 2+ ZI+ a+ 9 i I t I ss _ po = [eles s ae 6 se seve ¢°C-Z'S 
ZI+ ZI+ 8+ x4 I+ g i I ¢ e I _* = a eee oe gp ececes 1'¢-0'¢ 
0 + 0 0 0 II a ee ¢ Z 9 m Pid 5 Ee 6 04 PE 6.6.0. 6.0.6 8 68 6'F-8'F 
Z+ L- t+ t— I- t a ve. il =e ~ Z I ee eae el te Lt-9F 
tI+ L- 9I+ Ss Z—- ft oA om on po ut I e is oS 6A 6 eee SRS CPF F 
ZI+ t— SI+ 9- e—- Z = a = .E pom ee, z so! Be $8 ehh 46a ee ee 4-2 
: (SUOT][TUI) 
8]]99 poolq prey 
-. mIBMO , ’ ‘ , ' , 
Ss. — NOFTHIN f et 6 or f or vst t a 6 we f BA, 6 et 
NOITIIN v1 BOY O'LT | SOL | OOT | Sst | OST | SH | OFT | SET 
(txa® | “xa | oaminys | sams | 08uNa | Tro Goat, 
aoo1a (724% 40 AoNaaD *00 00] Yad NICO'IDONGH AO SWVUD 
aau = A “aud = f SHIVA ‘IVNUON 


























$9]DU UL $)]92 poo]g pas puv urqoj)boway so u01VD)3LL09 


& WIAVL 





























290 HALBERT L. DUNN 


The illustrative data of table 2 were taken from an article by Haden 
(244). The items measured consist of red blood cell counts in millions, 
hemoglobin in grams per 100 cc. and hematocrit reading of the volume 
per cent of red blood cells. His normal data are based upon 40 men and 
12 women. 

The customary mode of analysis in this type of problem is by the use 
of ratios, such as color index, volume index and saturation index. R.A, 
Fisher (99, p. 4) points out the fact that to postulate a ratio of two 


variables, such as in this case co = a constant, might frequently be a 


poor assumption to make. 

The first and simplest descriptive step in the analysis of these data 
consists of plotting the variables as spot diagrams (figs. 3. a,b,c). Such 
diagrams aid in the visualization of the problem and often indicate the 
course of procedure. For instance, in all three graphs the divergence 
of pernicious anemia from normal cases is apparent; also the non- 
homogeneity of normal males and females. Moreover, large deviations 
of atypical cases, such as that indicated by circling in figure 3a, can be 
allocated. 

The next step in the description of the data is the formation of correla- 
tion tables illustrated by table 3. The correlation table becomes a most 
important step in problems which involve large frequencies. The 
computation of mean, standard deviation and correlation coefficient is 
indicated on table 3. 

When the numbers are small, computation of the mean, standard 
deviation, and correlation coefficient can be performed upon the original 
observations without arranging them in grouped frequency distribu- 
tions or correlation tables. The direct method of computation is il- 
lustrated in the following example on normal females, table 4. 

In relation to the computation technique as shown: by table 4, the 
means are the first moments »,, and », since the arbitrary origin of 
zero was used in each instance. 

Since the data used in this example are few, all constants were de- 
termined by direct method in order to eliminate grouping effects inher- 
ent in the construction of a correlation table. 
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TABLE 4 


Computation of the correlation coefficient of hemoglobin and red blood cells in 12 
normal women 












































(RED BLOOD CELLS 
RED BLOOD CELLS |(RED BLOOD CELLS)? HEMOGLOBIN (HEMOGLOBIN)? TIMES 
HEMOGLOBIN) 
millions grams per 100 cc. 
4.15 17 .2225 13.20 174.24 54.780 
3.89 15.1321 12.12 146.89 47.147 
4.20 17.6400 13.10 171.61 55.020 
4.40 19.3600 13.50 182.25 | 59.400 
4.45 19.8025 13.88 192.65 | 61.766 
4.38 19.1844 14.80 219.04 64.824 
4.72 22.2784 14.60 213.16 68.912 
3.97 15.7609 11.90 141.61 | 47 .243 
4.56 20.7936 14.00 196.00 63.840 
3.95 15.6025 12.10 146.41 47.795 
4.31 18.5761 13.40 179.56 57.754 
4.26 | 18.1476 13.50 182.25 | 57.510 
7 | 
Total 51.24 219.5006 160.10 2,145.67 685.991 
Size of sample = n = 12 Arbitrary origin for both red blood 
cells and hemoglobin is zero: 
Let zx = Red blood cells 
Let y = Hemoglobin 
51.24 160.1 
(Mean) nz = 2 = 4.27 + 0.0493 (Mean) ny = ag = 13.342 + 0.1825 
219.5006 2145.67 
Yor = = 18.291717 Voy = = 178.80583 
12 12 
Mar = vez — (viz)? = 0.058817 May = va — (ry)? = 0.80575 
Standard Standard oi) 
deviation of z =o2 = Vuse =0.24254+0.0349 deviation of y=o, = V ux, = 0.8976 + 0.1291 
991 
Vey = = = 57.165917 





Mey = Vey — (viz) (viy) = 57.165917 — 56.968931 = + 0.196986 
Correlation 
Uy = + 0.196986 
ozo, 0.217668 





coefficient = rzay = = + 0.9050 + 0.0386 
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The probable errors of the means were computed by the formula: 


2? Probable error of mean = 0.6745 a 


Vn-1 


The probable errors of the standard deviations were computed by the 
formula: 





2 Probable error of standard deviation = 0.6745 





Cg 
V2 (n — 1) 
The probable error of the correlation coefficient was computed by 
the formula: 


(1 — r?) 
V (n — 2) 


The descriptive constants which were computed by the direct method 
from these data are summarized as follows: 


2 Probable error of correlation coefficient (r) = 0.6745 


(Red blood cells = 1; hematocrit volume of red blood cells = 2; 




















hemoglobin = 3) . 
yah sl | | CORRELATION 
BER STANDARD DEVIA- | > 
om MEAN + P.E.,, TIONS * P.E., | omgere 
CASES | er 
f M, = 4.973+0.0358 | % = 0.3317+0.0253 | rie = 0.8813+0.0244 
Men 40 {| Mz = 45.81 +0.285 | % = 2.638 +0.2015 | ris = 0.8685+0.0269 
\| Ms = 15.53 +0.0954 | %s = 0.8835+0.0675 | res = 0.821240 0356 
Normals  < | 
(| Mi = 4.27 +0.0493 | % = 0.2425+0.0349 | 
Women 12 4| M2 = 39.46 +0.4535 | % = 2.23 0.3207 | 
| Ms = 13.34 0.1825 | %s = 0.8976+0. 1291 | 
With circled | ,, {| Ms = 24.119 +1.094 | #2 = 7.250 +0.773 | 
Pernicious case, fig. 3 \| Ms = 7.287 =0.379 | % = 2.513 =0.268 | ras = 0.8283+0.0486 
anemia 
group Without (| Mi = 1,9235+0.932 | %; = 0.6023+0.0659 | riz = 0.9563+0.0136 
circled 20 {| Mz = 23.475 +1.055 | % = 6.818 +0.746 | ris = 0.9066+0.0283 
case, fig. 3 Ms = 7.354 +0.3955 | % = 2.556 +0.2797 | ros = 0.9609%0.0122 














It is often very desirable to extend the description of a problem of 
this type by obtaining the linear equations which best describe one 
variable in terms of the averages of the other. These equations come 
directly from a knowledge of means, standard deviations and correla- 


2 Since the total frequency is small, n — 1, and n — 2 respectively are used in 
the equations for probable errors of the mean, standard deviation and correlation 
coefficient, in order to correct for the limitation in degrees of freedom. (For 
further explanation see Fisher 185, 189 and 190.) 
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tion coefficients. The variable with a bar over it represents the one to 
be calculated. 


For example: In the group of normal men the equation expressing red blood 


cells (RBC) in terms of the variable per cent volume of red blood cells (V), is 
obtained as follows: 


Sete RBC 
Since, 
Mean of RBC = 4.973; “Rac = 0.3317; Meany = 45.81; 0), = 2.638; and 


TRBC,V == 0.8813 
By substitution, 


Pee 0.3317 
RBC — 4.973 = (0.8813) [are | (Vol. — 45.81) 
“. Red blood cells (millions) = 0.1108 volume (%) — 0.1034 


The various possible linear relations of the three variables in the normal 
male and pernicious anemia bloods are as follows: 





(Red blood cells = 0.1108 (Volume) —0.1034 
Volume = 7.009 (Red blood cells) +10.95 
Normal group of 40 | Red blood cells = 0.3261 (Hemoglobin) —0.0908 
men Hemoglobin = 2.313 (Red blood cells) +4.03 
Volume = 2.452 (Hemoglobin) +7 .73 
Hemoglobin = 0.2750 (Volume) +2.93 
‘Red blood cells = 0.08453 (Volume) —0.0609 
Volume = 10.825 (Red blood cells +2.653 
Pernicious anemia ) Red blood cells = 0.2136 (Hemoglobin) +0 .3524 
group (20 cases) Hemoglobin = 3.847 (Red blood cells) —0.0464 
Volume = 2.563 (Hemoglobin) +4.626 
(Hemoglobin = 0.3602 (Volume) —1.1024 


These equations are represented graphically in figure 3 a, b, e, 


2. The significance of differences between the means, standard deviations, 
and correlation coefficients of two samples. Thus far in the description of 
these data on normal and pernicious anemia bloods, three objects 
have been gained: first, a partial description of the frequency distribu- 
tion in terms of means and standard deviations; second, a description 
of the relation between any two variables by correlation coefficients 
and regression lines, and third, the establishment of the approximate 
degree of goodness with which these constants have been sampled out 
of an infinite universe of like constants by the calculation of their 
probable errors. 

In practical analysis it is very convenient to be able to estimate how 
different any two constants might be from each other. To do this 
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the probable error of the difference can be calculated if the probable 
errors of the two constants to be compared are known. 


First example: 
Mean of red blood cellsy,.., = 4.973 +0.0358 


Mean of red blood cells, , = 1.9235 +0.0932 
Difference between means = 3.0485 iad 
Probable error of this difference = V (P.ENorma)” + (P.E.p.4.)? = 


V/ (0.0358)? + (0.0932)? = 0.09936 
Second example: 
Standard deviation of red blood cellsy,.., = 0.3317 +0.0253 


Standard deviation of red blood cells, , = 0.6023 +0.0659 
Difference between the standard deviations = 0.2706 


Probable error of this difference = JV (0.0253)? + (0.0659)? = 0.0706 
Third example: 
Correlation of red blood cells and hemoglobiny,..... = 0.1644 +0.0180 


Correlation of red blood cells and hemoglobinp , 0.2541 +0.0404 
Difference between these correlations = 0.0897 
Probable error of this difference = / (0.018)? + (0.0404)? = 0.0442 

















The interpretation of differences depends upon the assumption of a 
hypothetical normal distribution of differences. The mean of such an 
imaginary distribution of normal differences is presumed to be zero. 
Consequently, the difference obtained between two samples represents 
the deviation from the mean in such a distribution of differences. If 
the distribution of differences be normal, the 


Deviation from mean 





C4 
Standard error of difference a 


The area under the normal curve beyond the limit of + “ is tabled on 
oC 


page 341. If the hypothetical distribution of differences can be ex- 
pressed as a normal curve, it is comparatively easy to obtain an approxi- 
mate measure of the chance of getting a difference greater than + 


= by the process of sampling. For instance, if the area outside of these 


boundaries of + : is 1 per cent of the total frequency, the chances of 


obtaining a deviation as great as the one observed would occur as a 
sampling process only once in a hundred times. Consequently, the 
converse statement can be made “‘it is probable that the difference is a 
real one, viz., one not due to sampling but to some extraneous cause.” 
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This test of significance is a practical one and works in almost all 
instances with considerable precision. The physiologist who is con- 
stantly attempting to discern differences between experimental and con- 
trol groups and to establish the significance of such differences, will find 
that it is a most useful tool with wide scope in its application. 

For illustration, this rule was applied to the problem on blood counts, 
volume and hemoglobin. Graphically (figs. 3a, b, c,) the homogeneity 
of the observations made on males and females seems to be in doubt. 
Haden places males and females into one composite norm disregarding 
divergence between the sexes. By testing the significance of differences 
the following values were obtained: . 





DIFFERENCE r PROBA- 


__ betters + P.E.gig. Cqig. | BUAITY 








per cent 
Mean R.B.C. + P.E.y.| 4.973+0.0358| 4.270+0.0493'0.703+0.0609| 7.79 0 
Mean Hb. +P.E.y..... 15.53 +0.0954/13.34 +0.1825|2.19 +0.206 | 7.17 0 
Mean Hematocrit 


Volume + P.E.m... 45.81 +£0.0285,39. 46 +0.4535)6.35 +0.4544) 9.4 0 




















Obviously the difference between men and women is so large that it 
supersedes any likelihood of arising as a sampling difference. 

Another use of the equation is seen by testing the homogeneity of 
the atypical case in the pernicious anemia group (fig. 3a). The vari- 
ous constants were computed with the atypical case kept in the com- 
putation and then re-computed with the atypical case discarded. The 
difference between the two computations was then compared in light 
of the probable error of the difference. 


























PERNICIOUS PERNICIOUS ad 
ammegacpove | smmmacneur | servenewn | =| "ate 
ATYPICAL CASE ATYPICAL CASE z 
per cent 
Mean hemoglobin...| 7.287+0.3790| 7.354+0.39550.067 +0.548) 0.008) 99.0 
Mean volume........ 24.119+1.094| 23.475+1.055 (0.644 +1.52 | 0.286) 77.0 
Correlation between 
Hemoglobin and 
Volume............ 0.82830.0486 0.9609+-0.0122 0. 1326-+0.050 1.78 | 7.0 





The difference between the correlation coefficient computed with and 
without the atypical case is 0.1326 +0.0501, a difference which would 
arise by sampling only seven times in a hundred. Since this analysis 
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Fig. 3. Spot diagrams of relationship between hemoglobin, red blood cell 
count and hematocrit reading of volume per cent red blood cells. 
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is based upon relatively few data, it is better to omit such an observation 
from the computation (although it should never be discarded or omitted 
from the original protocols). If the equation representing hemoglobin 


TABLE 5 


Summary of differences between the normal men and pernicious anemia patients 
with respect to red blood cell counts, red blood cell volume, and hemoglobin 


Legend: Red blood cell counts = 1, red blood cell volume = 2, hemoglobin 
= 3, M = mean, o = standard deviation, r = correlation coefficient. 

















NORMAL MEN PERNICIOUS ANEMIA wt camaaienee 4aeeie 
. ‘sb ‘se Ss lesa 
oreo co ee 
: FE coe .t 2° Be Ee |oes 
; ; $3 . 33 EE Se (BE 
¢ a ES = Es ie g § aoe 
fu + Bue ¥ 2° SB o Be $33 
° © gee © 8ss6 oe? ES |S'OE 
s ES mer 35 nae 338 es |Base 
: 56 a > oas > AS Ae |csla 
M, | 4.973 +0.0358 — 1.924 40.0932) — | 3.049 +0.099830.6 | 0.0 
M, |45.81 +0.285| — | 23.48 +1.055 | — /22.33 +1.093 |13.8 | 0.0 
M; (15.53 +0.0954, — 7.354 +0.3955) — | 8.176 +0.4068)13.6 | 0.0 
o1 0.3317+0.0253; 100 0.6023+0.0659) 100 | 0.2706+0.0706) 2.59 | 1.0 
o2 2.638 +0.2015) 100 6.818 +0.746 | 100 | 4.180 +0.7727| 3.65 | 0.02 
a3 0.8835+0.0675; 100 2.556 +0.2797| 100 | 1.6725+0.2877) 3.92 | 0.008 
oi.2 | 0.1568+0.0120, 47 0.1761+0.0193| 29 | 0.0193+0.0227| 0.85 |60.0 
o1.3 | 0.1644+0.0126 50 0.2541+0.0278| 42 | 0.0897+0.0305| 2.94 | 0.3 
o1.23 | 0.1323+0.0101; 40 0.174140.0191; 29 | 0.0418+0.9216) 1.94 | 5.0 
o2., | 1.247 40.0952) 47 1.993 +0.2181; 29 | 0.746 +0.2380) 3.13 | 0.2 
o2.3 | 1.505 +0.1149) 57 1.888 +0.2066) 28 | 0.383 +0.2357|) 1.62 |11.0 
o2.13 | 1.211 40.0925) 46 1.293 +0.1415) 19 | 0.082 +0.1690) 0.49 |38.0 
o3.1 | 0.488 +0.0334; 50 1.079 +0.1181; 42 | 0.641 +0.1227| 5.23 | 0.000 
o3.2 | 0.5042+0.0385| 57 0.7078+0.0774; 28 | 0.2036+0.0864 2.36 | 2.0 
o3.12 | 0.425340.0325) 48 0.6995+0.0765| 27 | 0.2743+0.0831) 3.30 | 0.1 
Ti. | 0.88138+0.02444 — 0.9563+0.0136 — | 0.0750+0.0279| 1.81 | 7.0 
Ti; | 0.8685+0.0269| — 0.9066+0.0283) — | 0.0381+0.0391) 0.66 [51.0 
T23 | 0.8212+0.0356 — 0.9609+0.0122) — | 0.1397+0.0376 2.51 | 1.2 
Ti2.3 | 0.5939+0.0718,) — 0.7287+0.0767; — | 0.1348+0.1050| 0.87 |38.0 
T13.2 | 0.5366+0.0790| — |—0.1520+0.1598) — | 0.6886+0.1783 2.60 | 0.9 
To3.1 | 0.2382+0.1046, — 0.7612+0.0688) — | 0.5230+0.1252) 2.82 | 0.5 


























in terms of red blood cells is calculated with the atypical case included, 
the regression line does not follow the array of means (fig. 3a). 

One of the most helpful applications of the rule for interpretation of 
significant differences is its use in the comparison of experimental 
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values with those of corresponding control groups. In the next section, 
table 5, the normal and pernicious anemia groups are compared in this 
manner relative to all of their various descriptive constants. 

8. Partial correlation and partial standard deviation, as an experimental 
control. The physiologist will find that the descriptive constants aris- 
ing from the theory of partial correlation are extremely useful as a 
practical laboratory tool. Customarily he attempts to evaluate the 
relation between two or three factors holding certain experimental 
conditions constant. Partial correlation is a process by which he 
may take observations on a number of variables and then study the 
relation between any pair of these variables holding-one or more of the 
other factors constant by statistical methods. 

In many instances the experimenter does not have the option of 
holding factors constant by experimental selection. For instance, in 
this problem on red blood cells, hemoglobin and red blood cell volume, 
there is no way in which the hemoglobin per cell, or the cell volume could 
be kept constant except by partial correlation technique. The cor- 
relation between hemoglobin and cell volume in normal individuals is 
ascertained to be 0.8212 +0.0356. What would be the degree of 
relationship between hemoglobin and cell volume if the correlation had 
been computed upon only those individuals who happened to have 
identical red blood cell counts? The statistical answer is obtained by 
the following equation: 


T23 — (riz) (ris) 


T2:23.1 = 
eV =) Vi = 23, 


in which the subscripts 1, 2, 3 stand for the number of red blood cells, 
volume of red blood cells and hemoglobin, respectively, and r is the 
correlation coefficient. The decimal point between the subscripts 3 
and 1 in the term 123.; separates the items which are being correlated 
from that one which is being held constant. In this case r3.; is stated 
as “the correlation coefficient between red blood cell volume and hemo- 
globin with the red blood cell count held as a constant factor.” It is 
computed as follows: 


























0.8212 — (0.8813) (0.8685) ___—_—0.8212 ~ 0.7654 
er 4/1 — (0.8813)? V1 — (0.8685)? 0//0.22331 0/0.24571 
0.05 
i e.. are 





(0.47255) (0.49569) 0.234238 
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The probable error of 723,, is given by the formula: 


1 — rt, 1 — (0.2382)? 0.9432608 
= 0.6745 | ————— | = 0. = 0.6745 | ————_- | = 0.10 
P.E, 123.1 = 0.67 | ei | 06745 | | oe74s| “Soar. | 0.1046 








Therefore, 
fe3.1 = + 0.2382 + 0.1046 


Very frequently partial correlation is used as a method of finding out 
how much reduction in the variation of a frequency distribution has 
been attained if the relations between the particular variable and other . 
variables are taken into consideration. For instance, the standard 
deviation in the frequency distribution in red blood cell volume (¢2) is 
2.638 +0.2015 per cent. If the correlation between the number of red 
blood cells and volume (ri. = 0.8813) is considered, the standard devia- 
tion of red blood cell volume with number of red blood cells held con- 
stant (o2,:) becomes 1.247. 

The relative reduction in variation is given by 





: 1.247 
100 ee = 5 6a8 times 100 = 47 per cent 


Graphically this signifies (fig. 3a) that the points indicating red blood 
cell volume vary much less about the trend line which relates cell vol- 
ume to number of red blood cells, than they do if this trend is not 
considered. . 

In a corresponding manner the standard deviation of cell volume with 
hemoglobin held constant (02.3) is 1.505, the ratio of reduction in varia- 
bility being 57 per cent. 

The standard deviation of cell volume when both the number of red 
blood cells and hemoglobin are held as constant factors is computed as 
follows: 











boris = W(o2)? (1 — 72,) [I — (ras 1)*] = (2.638)? (1 — 0.8813%) (1 — 0.2382) 





= V (6.95904) (0.22331) (0.94326) = + 1.46585 = 1.2107 





* The general formula for partial correlation is given in 687. The k in the 
probable error equation signifies the number of degrees of freedom which are 
limited. The k for any zero order correlation coefficient is two (185) and for 
each higher order of partial correlation one more limitation to the degrees of 
freedom is added. 


‘The general equation for any partial o is given in 687. 
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: —— 1.2107 
The ratio of reduction is —“* = ———" = 46 per cent 
o2 2.638 


The relative variation in cell volume is reduced to 47 per cent if the 
number of red blood cells are held as constant. By holding constant 
hemoglobin in addition to the number of red blood cells the per cent 
reduction in cell volume differs by only one per cent, viz., 46 per cent. 
Consequently, it is not important to consider the reduction in variabil- 
ity of red blood cell volume due to its correlation with hemoglobin 
because keeping the number of red blood cells as a constant factor simul- 
taneously corrects for the correlation of volume with hemoglobin. 

The probable errors for partial standard deviations are obtained from 
the general formula: 


ee nm 
V/2 (n — 1) 


The various distributions and correlation constants for both the normal 
male and pernicious anemia groups are listed in table 5. 

The interpretation of the various factors in the normal group is as 
follows: 1, the standard deviations of red blood cell counts, red blood 
cell volume, and of hemoglobin are all reduced to about 50 per cent of 
their observed values if any one of the other factors is held constant; 
2, there is a high degree of relationship between any two of these vari- 
ables, 0.8212 to 0.8813; 3, holding hemoglobin constant reduces the de- 
gree of relationship of red blood cell count and red blood cell volume to 
0.5939; 4, holding red blood cell volume constant reduces the amount 
of correlation between red blood cells and hemoglobin to 0.5366; 5, 
holding the number of red blood cells constant changes the re ation 
between red blood cell volume and hemoglobin to a very considerable 
amount, 0.8212 to 0.2382. 

Apparently there is not very much correlation in normal individuals 
between hemoglobin and red blood cell volumes if the individuals con- 
sidered have similar red blood cell counts. 

The interpretation of the various factors in the pernicious anemia 
group is as follows: 1, the standard deviations of red blood cell counts, 
red blood cell volume, and of hemoglobin are reduced to a greater 
extent than they were in the normal individual; 2, four-fifths of the 
variability in red blood cell volume is eliminated if both number of red 
blood cells and hemoglobin are held as constant factors; 3, there is a 





PLE. of 01.23... > 0.6745 
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higher degree of correlation between any two of these variables than is 
present in the normal group; 4, holding hemoglobin as a constant fac- 
tor there is considerably more relationship between number of red blood 
cells and cell volume than in the normals; 5, holding number of red 
blood cell counts as constant there is still a correlation of 0.7612 between 
red blood cell volume and hemoglobin; 6, the astonishing change in the 
pernicious anemia group comes when red blood cell volume is held con- 
stant resulting in a negative correlation of —0.152 between number: of 
red blood cells and hemoglobin. This would indicate that amount of 
hemoglobin and volume of red blood cells is the important consideration 
in pernicious anemia and that number of red blood cells has very little 
to do with the changes present. Apparently the problem to be studied 
in pernicious anemia is more a matter of hemoglobin production or 
destruction than it is red blood cell quantity. 

The blood differences between the group of 40 normal men and 20 
pernicious anemia ‘patients are also listed in table 5. The differences 
between the means of red blood cell counts, red blood cell volume and 
hemoglobin are all greater than any which could arise by sampling. 
Likewise the zero order standard deviations of the pernicious anemia 
group are all significantly larger than those of the normal men. All of 
the partial standard deviations are significantly greater in the pernicious 
anemia group except 1.2, 02.3 and o.;3. The correlations of red blood 
cell count and volume, and of red blood volume and hemoglobin are 
significantly larger in the pernicious anemia patients. The correlation 
of red blood cell count and hemoglobin with red blood cell volume held 
constant is negative in pernicious anemia and differs from the normal 
more than would be possible by sampling. In other words, if cell 
volume is kept constant larger numbers of rec blood cells go with greater 
amounts of hemoglobin in normal people, while under a similar condition 
in pernicious anemia larger numbers of red blood cells signify a decreased 
amount of hemoglobin. 

In conclusion these differences between normals and pernicious anemias 
show that all three factorshave a greater range of variation and a higher 
degree of inter-correlation in the latter group. It apparently indicates 
that physiological experimental research in pernicious anemia should 
be directed at hemoglobin production or destruction. 

In concluding the use of this analytical example based on the variables, 
red blood cell counts, volume and hemoglobin, the author specifically 
states that the example is used herein to show the possibilities of this 
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'type of statistical approach to quantitative physiological problems and 
‘not to draw inferences concerning pernicious anemia, The customary 
analysis by means of ratios and averages is woefully inadequate for 
descriptive purposes and does not permit the use of simple reliability 
tests. 

There are justifiable general criticisms which might be directed against 
any conclusions based on these data, chief of which are non-homogeneity 
of the groups involved and the sparsity of cases in the pernicious anemia 
group, reflected in the large probable errors of various constants. 

4. The use of range or arbitrary limits as a measure of normal variation. 
Range is frequently used by the physiologist and physician as a measure 
of variation. It is not an efficient statistic for this purpose since it 
depends upon only two observations and, consequently, has a large 
sampling variation. 

Range is the simplest measure of spread in a frequency distribution. 
If the distribution is a normal one, range is related to standard deviation. 
The form of this functional relationship has been pointed out by E. S§. 
Pearson (434), and Tippett (609). 

To illustrate the use of range consider the following standards for 
blood chemistry cited by Myers (383, p. 16); 


























CO: NON- | 
UREA COM- |CREATI-| URIC | PRO- | CHOLES- | CHLORIDES 
N SUGAR | BINING| NINE | acID | TEIN | TEROL | as NaCl 
POWER N | 
adcc’| Percent | iio TeDcc’| tape | opcc,| Percent | per cont 
Normal.......... 12-15.0.09-0.12) 50-75) 1-2| 2-3 25-35 0.14-0.17,0.45-0.50 
Beginning patho- | | 
Ss) o4on4dine 20 0.15 | —45 | 3.5 4; 3 | 0.19 | 0.52 





These standards are submitted without mentioning the numbers upon 
which they are based, and without discussion of factors such as sex, age, 
diet, etc., which might cause them to be non-homogeneous. 

Gettler and Baker (207) have published one of the sets of data upon 
which these standards are formed. With reference to their data let us 
see exactly what is the significance of the standard values. The items 
selected for illustration are uric acid and CO, combining power in plasma. 
Gettler and Baker examined the bloods of 30 normal people, 7 females 
and 23 males. 

The distribution constants for CO, and uric acid were computed and 
are given as follows: 
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soueme | ume Pay | sane per 

ite. icc Ae 23 | 63.7521+0.6547 | 4.553 +0.4629 

CO, Females......... or. 7 61.1714+1.1422 4.148 +0.8077 
‘Both sexes............. 30 63.15 +0.575 | 4.593 +0.4068 

RS 5s cae cits ewae ene 23 2.4261+0.1347 | 0.9367+0.0952 

Uric acid ; Females................ 7 1.000 +0.1333 | 0.4840+0.0942 
Both sexes...... rere era 30 2.093 +0.1308 | 1.0447+0.0925 





The differences between the males and females are: 


| ee 


(CO:) = 2.5807 + 1.3989 ...— = 1.84 and the Percentage Probability = 6.6 


q 


| Re 


(Uric acid) = 1.4261 + 0.1632 ... — = 8.7 and the Percentage Probability is zero 


q 


Although there is every indication from these data that the sexes 
are quite different, they are considered as homogeneous in order to 
evaluate range as a standard under those conditions most favorable 
to it. 

Since the mean and standard deviations of the distributions are known, 
it is comparatively easy to calculate what per cent of the normal dis- 
tribution lies beyond any arbitrary limit. Let denote the deviation 
from the mean. If the limit of normal in CO, combining power is con- 
sidered to be 50 for both sexes then Z is the mean 63.15 minus 50, viz., 
13.15. The per cent of the normal area less than the limit 50 is the 


area beyond the boundary line in the normal distribution of 7 i.e., 


o 
13.15 
4.593 
distribution.§ 

Myers gives the limit of “beginning pathologic” as 45 per cent CO, 
combining power. The number of normal individuals which would 
occur below this limit proves to be 0.004 per cent of the normal area, 
i.e., 4 individuals in 10,000 normals. 


or 2.86. This area is 0.2 per cent of the total area of the 


5 The table of the probability integral given on page 341, denotes the area 


beyond both plus and minus limits of = and, therefore, must be divided by 2 in 
Cg 


# 
order to give the area which is less than —. 
og 














304 HALBERT L. DUNN 


If the uric acid standard is considered, 19.2 per cent of normal people 
have more than 3 mgm. of uric acid to 100 cc.; and 3.4 per cent have 
more than 4 mgm. to 100 ce. 

Obviously interpretation by the limits of range in relation to CO, 
combining power is far more strict than the limits of range relative to 
uric acid. 

Another element must be investigated before the normal limits can 
be considered adequate; that is, how well has the mean and standard 
deviation been established on a sample of only 30 individuals? The 
probable error of the CO, standard deviation 4.593 is 0.4068. In 
other words it would not be unlikely that in so small a sample the in- 
vestigator might have obtained a standard deviation smaller or larger 
than the one which he chose from the universe of corresponding facts. 
Suppose he had happened to have sampled a very small standard de- 
viation from the universe and that the true standard deviation was 
larger than his observed one by the amount of one to three probable 
errors of the observed standard deviation. The likelihood of his having 
obtained an observed standard deviation + 3 P. E., smaller than the 
true standard deviation of the universe would be extremely unusual. 
Consequently, if he judges the arbitrary limits of 50 CO, and 45 CO, 
combining power in light of the greatest variation which he is likely to 
encounter, he can feel assured that he is acquainted with the most 
unfavorable situation which it would be likely for him to meet. 

Tables 6 and 7 demonstrate these relations for CO, combining power 
and uric acid content in milligrams to 100 ce. 

When only 30 observations have been made, as in the present instance, 
the constants are not very well determined and their sampling errors 
should be considered in evaluating normal limits. If the standard 
deviation and mean had been formed from only 5 observations their 
probable errors would be large and the investigator would find it hazard- 
ous to risk his judgment as to what constituted normal or abnormal. 
If the standard deviation and mean had been computed from an ex- 
perience of 1000, their probable errors would have been very small and 
he would be able to form an opinion as to the value of his limits without 
consideration of the sampling variation of his constants. 

To summarize, physiological standards for normal variation if ex- 
pressed in terms of limits should give some concept of what proportion 
of normal cases will be expected to fall without the limits. Further- 
more, the number of cases upon which the standard is based should be 
sufficiently large to eliminate variation in the interpretation of the 
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status of questionable cases. Range is an inefficient statistic for these 
purposes and should be discarded. 

5. The rejection of atypical observations. The best practical solution 
for the very disturbing problem of how and when to reject widely di- 
vergent cases arises from the consideration of distribution limits dis- 
cussed in the previous section. 

There are a number of good expositions by various authors upon 
this subject none of which, however, solves the question. Brunt (75, 
p. 129) states the problem as follows: 


An observer making a series of observations of any kind has power to reject 
any observation if he is certain that it is vitiated by some unusual sources of 
error which do not affect the other observation in the series. To put this in 
other words, the observer is to a certain extent free to choose the time for making 
his observations so that the externa] conditions shall vary as little as possible 
during the series. He is supreme in his own department, having the power to 
retain or reject observations according to his judgment of the extent to which 
the external causes of error react upon his measurements. 

But when the observational material is put into the hands of the computer 
there arises a new question. Shall the computer be allowed to reject any ob- 
servation whose residual is much larger than those of the remaining observations? 
He should clearly be allowed to reject an observation when he is convinced that 
it is affected by an error from some unusual source, which does not affect the other 
observations in the series; or if the observation is clearly spoiled by some definite 
blunder, such as the mis-reading of a scale by five divisions. It is sometimes 
possible to correct blunders of this type, and to retain the observation, but 
the greatest caution is necessary in making such corrections. The real diffi- 
culty lies in deciding whether a large residual is due to some unusual source of 
error, or is due to the chance occurrence of a large number of small accidental 
errors with the same sign. If the latter alternative be true, the large residual 
is in accordance with the law of error, and its rejection will decrease rather than 
increase the accuracy of the final result. 

A number of criteria, based on more or less rigid analysis, have been put 
forward by various writers. The best known of these is Peirce’s Criterion_— 
The underlying principle is that the doubtful observations should be rejected 
when the probability of the system of errors obtained by retaining them is less 
than the product of the probability of the system of errors obtained by rejecting 
them, multiplied by the probability of making so many, and no more, abnormal 
observations. As this criterion is not in general use, and is rather tedious in its 
application, we shall not enter into the full proof. The reader who desires to 
know more of it is referred to Chauvenet’s Theoretical and Practical Astronomy, 
Vol. II, Appendix, §58, where Peirce’s proof is reproduced almost word for word; 
and to the proof and tables by Gould in Astronomical Journal, Vol. IV, and 
U. S. Coast Geodetic Survey Report, 1854, pp. 131, 132. 


The general consensus of opinion of statisticians with reference to 
the goodness of these criteria is quite variable. The simplest approach 
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to a practical solution is to compute the theoretical chances which exist 
and see how divergent the observed experience is from the theoretical. 
For instance, in the previous example, table 6, it would be surprising if 
there were not approximately two normal individuals out of a thousand 
who had a CO, combining power below 50 cc. per 100. To obtain the 
limit beyond which one might reasonably expect that not even a frac- 
tion of one case in a thousand (for example 3 of one case) would deviate 


by sampling is obtained as follows: = must equal a probability of 0.0005 
or less, in order to represent 3 of one case ina thousand. Consequently, © 
from a normal probability table it is seen that = must not be less than 


3.29 to be equivalent to such a probability. To be on the safe side 
take as the o, value of o + 3 P.E.,, or in other words a standard devia- 


tion so large that it would arise only once in 50 times by sampling. 
Then, 


x £ 
¢+3PE. 5.8134 





= 3.29 


# (deviation from mean) = 3.29 (5.8134) = 19.126 


The required limit is: 
Mean — € = 63.15 — 19.125 = 44.024 


A rejection of an individual beyond the limit 44 CO, combining 
power would mean that only 5 times in ten thousand would a normal 
individual have such a CQ, value or less. 

If the divergent observation is discarded it should always be published 
as an unexplained deviation. 

6. Estimation of the reliability of proportions. There are a great 
many medical and physiological problems which do not involve measur- 
able quantities. For instance, such facts as the following: symptoms 
classified as present or not present; findings, negative or positive; ex- 
periments, successful or unsuccessful, etc. In all such situations, the 
data are considered to be qualitative. Data of these types become 
quantitative if numbers of individuals are classified into such mutually 
exclusive categories. 

Statistical analyses, directed at these types of data, represent the 
simplest distributions which can be treated by statistical methods. 
For illustration, assume that cases of gall-bladder disease are classified 




















308 HALBERT L. DUNN 


into those which are jaundiced and those not jaundiced. A distribution 
of degree of jaundice is assumed. If jaundice could be measured by 
some scale, as for instance amount of bile pigment in the blood, a better 
description of the symptom could be obtained. Since only one point 
on the scale is available, all cases must be thrown into either the jaun- 
diced or non-jaundiced groups. 

In order to draw inferences concerning the degree of goodness with 
which this actually observed proportion of jaundiced cases has been 
selected out of an infinite population of such samples, the hypothetical 
- distribution of such proportions is assumed to be fitted by a normal or 
Gaussian curve. In other words, if the investigator has computed the 
probability of jaundice occurring in many samples of 25 patients, he 
can then compute the standard deviation of his entire set of proportions. 
If the standard deviation which he obtained in this manner were the 
same as that arising from a corresponding normal distribution, it would be 
said to correspond to the standard deviation expected by sampling; if 
it were a larger standard deviation than that of the normal curve, the 
conclusion would be that some other factor than sampling variation 
was influencing the proportion of jaundice cases. 

As seen in figure 2a, the normal distribution is symmetrical; conse- 
quently, the probability, p, of an event happening which is larger than 
the mean, is half of the total area under the normal curve. If the total 
area is considered to be unity, the p = 0.5. The probability of the event 
not happening, q, is the total area minus 0.5, i.e., |-p = q = 0.5. 

If the total area is assumed to be computed from a frequency (n) of 
25 individuals, the average is 


n(p) = (25) 0.5 = 12.5 


Assume that a hypothetical distribution of p values has been com- 
puted. These values will distribute themselves according to a normal 
curve, the standard deviation of which is given by the expression 





/(p) times (q) 


g¢ = 
n 





In this instance the 


/(0.5) (0.5) 0.25 — 
° -t / ° 

- —oee ee Af = 2 4/001 @ 03 
, '/ 25 a + 


The standard deviation of the proportion 0.5, is equal to 0.1. 
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This signifies that if the hypothetical infinite distribution were nor- 
mal and the size of sample computed each time was 25, the true value 
of p existing in the universe from which the samples were drawn would 
be expected to fall within the boundaries of 0.5 +0.1, i.e., between 0.4 
and 0.6 in 68.26 per cent of the times (fig. 2e). 

Assuming a distribution of np, or average values in samples each 25 
in number, the standard deviation of the means is found by the equation 
o of the mean (also termed the expected number) = 

/(p) times g times n = ~/(0.5) (0.5) 25 = VW6.25 = 2.5. 

In other words, it is reasonable to expect that if the hypothetical 
infinite universe is normal, and the size of the sample 25, the true aver- 
age would fall 68.26 per cent of the time between the limits of 12.5 
+ 2.5, that is, within the boundaries of 10 and 15. 

The proof and derivation of these useful equations are given by many 
authors (see cross-index to bibliography under mean). 

The proportion of observed items will rarely give values of p exactly 
equal to 0.5; consequently it is necessary to know how much the formula 
for o deviates in the accuracy with which it describes the distribution 
of proportions as p becomes relatively larger or smaller. The equations 
as given above are accurate and can be applied to obtaining the standard 
deviations due to sampling of any proportion p or any average np, 
no matter how smail p might become, if the frequency n be sufficient 
‘in size to adequately establish the average np. In other words, the 
value of p should be well determined relative to the size of n. For in- 
stance, if p is 0.1 and the sample 20, np would be established with about 
the same degree of relative accuracy as an average upon 2 cases with a 
p of 0.5. If the p were 0.0005 and 100,000 observations were involved, 
np would be established with about the same relative degree of goodness 
as a mean computed on 50 cases with a p of 0.5. 

In order to illustrate the application of these equations, let us consider 
the distribution of red blood cells previously noted on page 280. As- 
sume that one could only measure red blood cell counts which fall above 


or below the count of 5.4 millions. 
Then 








n = size of sample = 40 

Number above 5.4 millions = 5 

Number below 5.4 millions = 35 

p = 5/40 = 0.125 

qg=1-— p = 35/40 = 1 — 0.125 = 0.875 
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In a hypothetical normal distribution of such proportions drawn from 
an infiinite universe 


The average = np = 5 





The o expected number = V/ npq = V/40 (0.125) (0.875) = 2.0917 


eee fe 9 foes ap ROE 


From these calculations the investigator could expect that the true 
proportion of red blood cells existing in the universe from which his 
sample was drawn would lie within the value of 0.125 +0.0529, 68 per 
cent of the time. 

7. Estimation of the significance in differences between proportions. 
The principal application of the standard deviation of a proportion 
comes from its value in determining the degree of significance between 
the proportions of two samples. If the two samples are indicated as 
1 and 2, and p, + o of p; and pe + o of p, are known, then the difference 
between the proportions p;-pe, can be interpreted in light of the standard 
error of the difference, i.e., 











Cain, = V (01)? + (02)? 


An excellent example in the practical use of this equation is given in a: 
paper by A. S. Parkes, on ‘‘The effects on Fertility and the Sex-Ratio 
of Sub-Sterility Exposures to X-Rays” (400). Parkes established the 
per cent of normal males in total births: 


Males = 379, Females = 356 
Per cent Males = 51.56 or @ Poormai (in terms of unity) of 0.5156 


The standard deviation of this proportion expected by sampling 


(0.5156) (0.4844) 
Cncemal ™ / sae = 0.01843 








In a similar manner the proportion of males in his combined series 0-4 
days after x-ray treatment 


Pos) = 0.594 40.0426 
and the proportion 5-18 days after x-ray treatment 
P.5-18) = 0.336 +0.0394 
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The differences between Po4) and Prormai = +0.078 +0.0464 = 1.68. 


This value of -- signifies that in only 9 times out of 100 could oneé 
o 


expect to get such a difference by the sampling process. The differ- 
ence between Pi5 43) and Prormai is —0.180 +0.0435 = 4.14. Such 
a difference would occur only 4 times in 100,000 by sampling. There- 
fore, Parkes was justified in concluding with reference to the time period 
5-18 that the difference in per cent of male births must be a real 
difference, i.e., one which could not be produced by sampling, and 
probably was due to the x-ray treatment. 

In many situations, the investigator is not particularly interested in 
the ratios, but merely wishes to know if the samples differ from each 
other more than can be expected by sampling, Such questions can be 
most readily answered by computing the Chi-square value (xX?) for a 


four-fold table. In this example of Parkes, for instance, the data could 
have been given as follows: 




















MALES FEMALES TOTAL 
a i ae a ei 379 (a) 356 (b) 735 (a + b) 
Combined series, 0-4 
days after x-ray...... 79 (c) 54 (d) 133 (¢ + d) 
Ms beds baiane bats 458 (a + c) 410 (b+ d) | 8%8(a+6+c+d) 





Algebraically x? for a four-fold table is computed as follows: 


rm: (ad — be)? (a +b+c¢+ 4) 
~ (a +c) (b + d) (a + b) (c + d) 





x? 


By substitution and solving, the x? is found to be 2.773. 
The probability for which x? stands can be looked up directly in Yule 


(687, p. 385—6,) or in this paper on page 341. Since x? = |= | , the prob- 
oC 


ability of + =i. + V2.773 = + 1.67, signifies that there are 9 chances 
Co 


in a hundred for such a difference as exists between these two groups 
to arise by sampling. 

These two approaches have arrived at the same answer. When 
frequencies are low, the x? method of computation is more accurate 
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than that of obtaining the significance of the difference between the two 
proportions. The two methods are numerically equal if the formula 


i 
c= _ 
nr 


is determined by using the p and gq in each instance which come from 
the total experience; i.e., 


458 
~~ 
P = 368 
and 
410 
ee eee 


Another example of the use of xX? is cited to show the usefulness of 
this tool in drawing inferences. P. Heinbecker and E. I. Irvine-Jones 
(269), in a paper on the “Susceptibility of the Eskimos to the common 
cold and a study of their natural immunity to diphtheria, scarlet fever 
and bacterial filtrates,” give the following data on the relation of skin 
reactions to staphylococcus filtrates (aureus) 





PER CENT 




















NEGATIVE POSITIVE TOTAL POSITIVE 

oo os cl inccahce cscs 12 | 36 48 75.0 

CS SEAS ee EN sae sin ns dae ae Wel 29 93.1 
a at an a 14 | 63 77 





The x? value, 3.98, tells us that the difference between 93.1 and 75.0 
per cent (that is, 18.1 per cent) could arise only 5 times in a hundred by 
sampling. Therefore, it is probable that the difference 18.1 per cent is 
a real difference, although the authors conclude that ‘“‘the results from 
a staphylococcus aureus strain were not unlike those of the American 
Controls although the Eskimos were rather less susceptible.” 

8. Estimation of the number of observations necessary in order to prove 
that a difference is significant to any specified degree of probability. The 
proportions of per cents of positive cases in the Eskimos and control 
groups are not formed on very many observations. Consequently, 
Heinbecker and Irvine-Jones would be justified in answering the Chi- 
square solution of the problem by saying ‘‘Yes, the chances do seem 
to be in favor of this difference being a real one, but in view of the small 
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numbers, we wish to have these chances more overwhelmingly in our 
favor.’ Such a retort would raise the question,—approximately how 
many observations would be necessary to show that this difference is 
significant to any specified degree of probability? 

The difference () between the Eskimos and controls is 18.1 per cent. 


In the sample this difference, in view of its standard error, i.e., + Ro 


O diff. 
18.1 


* cae? 1.9956, demarcates the limit beyond which is approximately 


5 per cent of the area under a normal curve. Assume that the authors 
wished to establish this difference to a degree of surety one in a hundred. 
Then the area under the normal curve (see p. 341), beyond plus 
bo 





and minus limits of must equal 0.01. The value which brings 
o O diff. 


about this desired result would be 2.58. Since # is constant, viz., a 
difference of 0.181 (in terms of unity) the change must occur in the o 
of the difference. 





The o difference = V (02)? + (o.)? 


when 
pq 
Ce = — 
Ne 
and 
Pq 
Cc = — 
Ne 
Substituting these values: 
0.181 





= 2.58 








"difference — 
(pq) , (pq) 
4/22 + 2 


where n, and n, are the unknown number of Eskimos and controls re- 
spectively. The number of Eskimos actually observed was 48; the 


e 48 
number of controls actually observed was 29. If the ratio of age ip 


Ne 


1.66 was maintained, then n, = 1.66 .. Solving in above equation, 
n, = 80.4 and n, = 48.4. This means that if there had been approxi- 
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mately 81 Eskimos and 49 controls, the difference 18.1 between the per- 
centage 75 and 93.1 could have been proved significant to the surety 
of one chance in a hundred. 


If the reliability desired was chosen as one chance in a thousand 


against the statement that “there is a difference between these per cents 


other than that due to sampling,” the same type of solution yields the 
information that such a degree of surety could have been established if 
approximately 129 Eskimos and 78 controls had been examined. 

~ If the investigators were limited to 29 controls, but unlimited as to 
the number of Eskimos, and if they desired to establish a degree of 
certainty of one in a hundred, the equation could not be solved. This 
indicates that regardless of how many Eskimos might be examined, the 
authors could never have established the difference of 18.1 per cent with 
the degree of certainty of one in a hundred unless more than 29 controls 
were available. 

_ Application of Chi Square in physiology. The Chi Square, x’, value 
for a fourfold table is the simplest example of the general application 


of the Chi Square function. Fisher (190, p. 77) defines the function as 
follows: 


If m is the number expected, and m + z the number observed in any class, we 


calculate 
zx? 
e~3(2 
m 


the summation extending over all the classes. This formula gives the value 
of x?, and it is clear that the more closely the observed numbers agree with those 
expected the smaller will x? be; in order to utilize the table, it is necessary to 
know also the value of n, with which the table is entered. The rule for finding 
n is that n is equal to the number of degrees of freedom in which the observed 
series may differ from the hypothetical; in other words, it is equal to the number 
of classes the frequencies in which may be filled up arbitrarily. 


The usual situation in which x? will prove to be particularly valuable 
to the physiologist is represented when he wishes to know if different 
series of observations have been sampled out of the same universe of 
facts. 

As an example to show the computation technique of x’, table 8 has 
been prepared from the data given by W. L. Culpepper in ‘Report on 
five thousand blood types using Moss’s grouping” (112). ; 

The x? value of 101.4 with an n of 3 stands for a probability of zero. 
There is no chance for such differences as the above to arise by sampling. 

Since the probability that the distributions of Culpepper and Moss 
were sampled from the same universe is zero, therefore, reasoning con- 
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versely, it is probable that some other factor than sampling entered into 
the collection of the two sets of data—such as technique, race, chrono- 
logical time, etc. 

Culpepper also comes to this conclusion. 

x? can be computed according to the definition; 





(Theoretical-observed)? 
Sum of - 
Theoretical 


The theoretical values must be obtained for each cell of the table. 
For instance, the theoretical frequency for cell (a) in table 8 is obtained 
from the marginal values. The theoretical probability that a case will 


419 
fall in Blood Group I is ——,, the theoretical probability that it will 


600 
fall in the row of Moss’ data is ——. If these two probabilities were 
independent, the relative occurrence of an individual being classified 


t _ 419 ti 1600 
as unit (a) is 6600 imes 6600 
that should have occurred in cell (a) if the events were independent is 
(0.0153903) 6600 = 102. The unit of x? which is formed by this cell 


is given by 





= 0.0153903. The theoretical number 





(Theoretical-observed)* | (102-160)? (8)? 33364 _— 
Theoretical ra ae” ho 
Culpepper reports his 5000 cases by samples of a thousand each as 
follows: 





BLOOD GROUPS 





| I II III IV TOTAL 








Wivet Ghommamd. ..........5.... | 52 360 117 471 1,000 
Second thousand.............. 50 363 135 452 1,000 
Third thousand................) 47 352 156 | 445 | 1,000 
Fourth thousand..............| 55 | 365 150 430 | 1,000 
Fifth thousand................ 55 | = (363 156 | 426 | 1,000 
SE SRE: 259 | 1,803 714 | 2,224 | 5,000 








A scrutiny of these five different groups of a thousand each raises the 
question of homogeneity in the mind of the investigator. It is obvious 
that the fourth and fifth groups are very similar; also the first three seem 
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to be more or less alike. The first three differ to a somewhat greater 
amount from the last two. x’, computed on the entire contingency 
table of 5 samples, is 12.03. The number of free cells + one in the table, 
ie., n, is 13 (see p. 341), and the p = 0.44. 

The probability of obtaining 5 samples with a x? as large or larger than 
12.03 from a universe of blood groups is 44 in a hundred. The differ- 
ences between Culpepper’s five samples of 1000 each prove to be no more 
than those ordinarily expected by sampling. 

Since examples of the use of X? practically do not exist in the field of 
physiology, and since it can be employed with benefit in a great variety 
of physiological problems, another illustration has been developed from 
the data of S. A. Asdell on ‘Time of Conception and of Ovulation in 
Relation to the Menstrual Cycle” (17). 

His problem is to evaluate the data of various authors upon sex 
ratio of births relative to the time of conception. Most data on this 
subject can be ignored, because of improper collection. Five authorities 


remain whose conclusions must be evaluated. Asdell gives the results 
of these men as follows: 


Sex ratio of births relative to the time of conception 











1-9 pays 10-14 pays 15-23 Days TOTAL 

AUTHORITY 2 2 2 2 

"a —_— 

2|e8/3]}28/3|8/43| 6 

= fa = fa = ty = fe 
danke sé dpeveeedeenad 37 7 4 9 3} 20; 44! 36 
PEE, ws ccncrecstine sveenente 41; 39} 29] 27| 26| 21| 96] 87 
BE ica vcislesccoccctpeubeeree 32) 16 8| 14] 12) 17| 52| 47 

Data from Hecker and Buhl, and 

re ere ee 93 | 82| 46; 48; 63) 58 | 202 188 
a a ie 40; 18| 23; 28| 28/ 35) 91 81 





























The practical questions asked and the statistical x? answers are as 
follows: 


1. Disregarding time of cycle, does the proportion of males differ 
among the various authors? 

Answer: X? oh males and females in total column for all five 
authors is ‘equivalent to a probability of practically unity; 
therefore, the per cents of males collected by various authors do 
not differ. 

2. In the group determined on the 10—14 days of cycle, does the pro- 
portion of males differ among the various authors? 
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Answer: X? shows that by sampling alone, 56 out of 100 times 
there would have been a divergence between these authors as 
large as that which actually exists; therefore, the per cents of 
males observed by various authors in this period do not vary 
more than would be expected as a sampling difference. 


. In the group determined on the 15-23 days of cycle, does the 


proportion of males differ among various authors? 

Answer: X? shows that by sampling, such a divergence would occur, 
only once in a hundred times; therefore, the per cents of males 
observed by the five authors do vary more than would be antici- 
pated as a sampling difference. Moreover, it indicates that 
Siegel is responsible for most of this divergence. 


. In the group between 15-23 days of cycle, does the proportion of 


males differ among various authors omitting the experience of 
Siegel? 

Answer: X? indicates the sampling probability to be 57 in 100; 
consequently, Siegel’s data in this time period seem to be 
the only disturbing factor. 

How widely do Siegel’s data in this 15-23 day period deviate from 
the sum total of all the experience of other authors? 

Answer: X? indicates that the sampling probability is only a 
tenth of one per cent: there is no doubt that extraneous fac- 
tors besides sampling enter into Siegel’s data of this cycle 
period which do not affect the material of other authors. 

In the group based on the first 9 days of the cycle, does the propor- 
tion of males vary with different authors? 

Answer: The possibility of sampling such a difference, as deter- 
mined by x?, is 7 in 10,000; therefore, the per cents of males 
observed by various authors in this period vary more than would 
occur by simple sampling. Once again Siegel’s data are the 
most divergent. 


. In the group, 1-9 days of the cycle, does the proportion of males 


vary between the other authors, omitting Siegel? 

Answer: The sampling probability is 7 per cent. Furst now seems 
to be the disturbing element in causing this relatively large 
deviation from the expected. 

In the group 1-9 days of the cycle, does the proportion of males 
vary between the authors Nurnberger, Jaeger and the data from 
Hecker, Buhl and Schlichting? 

Answer: The probability of such deviations arising by sampling 
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is 19 in 100; therefore it is not very likely that such a varia- 
tion between the per cents of males is more than that which, 
would arise by simple sampling. 

9. Do the results of Furst in these first 9 days differ from the sum 
total results of Nurnberger, Jaeger, Hecker, Buhl and 
Schlichting? 

Answer: The probability of such a sampling difference as shown 
by x? is only 5 in 100; therefore the per cents of males in Furst’s 
data can be considered to vary significantly from the others. 

10. How widely do Siegel’s data in this period deviate from the sum 
total experience of the other authors with reference to per cent 
of males? 

Answer: X? shows the possibility of sampling differences so large — 
to be only 6 in 10,000; therefore the per cent of males obtained 
by Siegel varies from the other authors more than would be 
anticipated by sampling. 

11. Since both Siegel and Furst have larger proportions of males in 
the first 9 days of the cycle than do the other authors, the ques- 
tion arises: Do they differ from each other? 

Answer: xX? gives a sampling possibility of only 8 in 100; therefore 
Siegel has a higher per cent of males than Furst and this differ- 
ence is probably due to some factor other than simple sampling. 

To summarize, X? has rendered a solution for the difficult problem of 
telling which of these authors are likely to be dealing with homogene- 
ous experience. All authors agree with respect to the per cent of males 
in the period 10-14 days of the menstrual cycle. Siegel has a signifi- 
cantly higher proportion of females than the remaining authors in the 
15-23 day period. Both Siegel and Furst differ significantly from the 
other authors in having higher proportions of males in the first 9 days, 
and Siegel has a proportion of males that is probably significantly 
greater than Furst in this period. 

It is important to emphasize at this point that no interpretation has 
been made as to which of these data are the “‘best.”’ x? points out dif- 
ferences which are not sampling differences, and there it stops! Any 
interpretation as to which author’s conclusions will be accepted must 
come out of a consideration of his experimental set-up. In fact, in 
this present example, there are strong reasons which tempt one to ac- 
cept the statements of Jaeger as nearest to the truth, regardless of the 
fact that he differs from the other authors. However, this is a matter 
| of personal judgment and arises from a consideration of how Jaeger | 
| obtained his data. 4 
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- The x? test is frequently applied as a method of estimating goodness 
of fit in frequency distributions. One example will suffice to show this 
process. The distribution of observed red blood cells, page 279, was fitted 
by a normal curve. The goodness with which the theoretical area of 
the curve approximates the observed is tested by x? as follows: 




















maxon | ousenvao | Sunavaver’| (THEORET | (runonsricat-onssnvED) 
Be er OBSERVED)? THEORETICAL 
Under 4.6 6 4.96 1.0816 0.2181 
4.6-4.7 4 6.51 6.3001 0.9678 
4.8-4.9 11 9.02 3.9204 0.4346 
5.0-5.1 8 8.80 0.6400 0.0727 
5.2-5.3 6 6.23 0.0529 0.0085 
5.4 and over 5 4.49 : 0.2601 | 0.0579 
DSc koads 40 x? = total = 1.7596 
Number of cells = 6 
“.p (p. 341) = 0.88 














The p of 0.88 indicates that the normal equation can be considered 
to be a good fit of the observed frequency distribution, since by sampling 
alone areas as widely variable as those given by the normal curve would 
be drawn 88 times in 100. 

C. CAUTIONS TO BE OBSERVED IN THE USE OF STATISTICAL METHOD. 
As indicated in the preceding section of this paper, statistical method is 
a tool of particular importance to the laboratory worker in physiology, 
for four reasons: first, it helps to describe a multiplicity of observations 
in simple terms; second, it assists in the establishment of reasonable 
limits for inferences deduced from the data; third, it makes possible the 
distinctions of significant and non-significant experimental differences, 
and fourth, it affords a measure of goodness of fit in curve fitting. 

There are assumptions behind this theory of statistical method. The 
method itself based upon these assumptions is an ideal which can never 
be wrong. The difficulty comes when observed facts which do not agree 
with the assumptions are judged by inferences which arise from the 
ideal situation. If every assumption made by the statistical theory had 
to be rigorously applied to observed data before using the statistical 
method, there would be extremely few situations in which general in- 
ferences could be made by its use. 

For practical purposes there are comparatively few faults in the 
application of statistics which lead one into gross errors of judgment. 
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The principal admonitions are grouped into 12 categories. There are 
minor limitations which do not need to be considered. 

1. Do not analyze frequency distributions whose elements are not inde- 
pendent. In physiology experimental groups whose elements are not 
independent are frequently considered to be homogeneous. For the 
most part this fault occurs in two kinds of problems; first, in those 
which are concerned with numbers of observations upon the same in- 
dividual and summate such data with corresponding facts about differ- 
ent individuals, and second, in those which involve hereditarial facts 
about families which are considered to be identical in value to corre- 
sponding facts about race. In both of these situations the elements 
are not independent. Variation in measurements on the same indi- 
vidual, even though such variation be large, is not as great as if a series 
of different individuals be measured. Likewise in heredity studies, varia- 
tions within the family always are less than those within the race. 

2. Fix no arbitrary standard of probability as an indication of signifi- 
cance. It has become astandard statistical practice to take the bound- 
ary lines of plus and minus 3 probable errors (fig. 3d), or plus and minus 
2 standard deviations (fig. 2f) which represent approximately 5 chances 
in 100, as being those boundary lines which separate significance and 
non-significance. This is a very arbitrary concept and should not be 
permitted to warp physiological judgments. The boundary line of sig- 
nificance should be determined by the individual experimenter with 
reference to his particular problem. For instance, suppose he were 
interested in establishing the dosage of a lethal drug, he would not wish 
to come within one chance in a million of giving a lethal dose to a 
patient due to the sampling variation in drug effect. However, if he 
were gambling on a horse at the race track he might be only too glad to 
have a chance of 60 to 40 in his favor. It is rather astonishing to say 
the least that so many investigators are willing to evaluate their scien- 
tific opinions at 5 in a hundred. 

8. Do not make the statement that no difference exists because no signifi- 
cant difference can be demonstrated. One must remember that the mean 
of sampling differences is distributed about a 50 per cent chance (fig. 
2a). On the other hand, the mean differences between two samples is 
a zero difference (p. 294). As deviations in differences between 
samples progress below 50 per cent towards zero, sampling variations 
become less likely because the samples are becoming more and more 
different; as deviations progress from 50 per cent towards 100 per cent 
the sampling variations become less likely because the samples are 
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becoming identical. One is just as likely to get a deviation by sampling 
which is 0.001 as a sample of 0.999. In other words, it is not likely 
that one can get samples too nearly alike. This concept has been made 
use of occasionally to detect fraudulent data, because such data are 
almost always distributed too nearly to theoretical values to have arisen 
as a sampling deviation. The investigator is prone to assert that be- 
cause a difference “is not significant, there is no difference.”’ If he de- 
sires a boundary line which establishes 99 chances in favor of a real 
difference to one in favor of no difference before he claims to have a 
significant difference then, to be consistent, he should demand 99 


__ Percentage 
of Association 


6 


eorreiation 





Fig. 4. Showing the relation between the correlation coefficient and the ‘‘per 
cent’’ association. 


chances in favor of no difference to one in favor of a real difference before 
he states that the samples are identical. 

4. Do not use the correlation coefficient in bivariant data which are non- 
linear. One of the assumptions from which the correlation coefficient 
is developed states that the means of one variable for particular values 
of the other must be approximately linear. There is some leeway in 
the literal application of this assumption. Probably the easiest way by 
which to test linearity is to make a careful spot diagram and form a 
visual judgment. Most physiological correlations are linear in type. 
Non-linearity is customarily observed in growth problems providing the 
time period ranges over 10 to 15 years. A constant, eta (n), can be 
computed from the correlation table by means of which it is possible to 
test the data for non-linearity. For practical purposes the constant 7 
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does not need to be computed if care be taken to judge linearity from 
spot diagrams. In case such visualization indicates that the material 
might be curvilinear, a test of linearity should be made before the 
correlation coefficient is interpreted. 

5. Do not interpret the scale of the correlation coefficient as a percentage 
scale. Among practical statistical workers, the scale of a correlation 
coefficient which goes from +1 (perfect positive correlation), to 0 
(no correlation) and then to —1 (perfect negative correlation), is fre- 
quently interpreted to signify proportionate changes in degree of rela- 
tionship. This is not true. Zero correlation is the situation in which 
there is no relation between the variables. For instance, in the four- 
fold table it is quite obvious that the four cells are in equal balance. 





A B Total 











Total | 100 100 200 














The x? is zero indicating a p of unity. Therefore, this kind of a division 
represents zero correlation and the balance of 50 per cent exists in each 
of the marginal totals. 

The entire range of relations between various values of the correla- 
tion coefficient is given in terms of percentage by the diagram (fig. 4) 
which was made by Miss Parker, (398). From this figure it is seen that 
a correlation of +0.6, which workers are accustomed to consider rather 
high, stands for a shift in the relative degree of relationship of only 20 
per cent. A change from a correlation coefficient of 0 to 0.1 is relatively 
equivalent to the change between a correlation of 0.9 to 0.93. 

6. Do not confuse degree of relationship with cause and effect. Correla- 
tion of any degree merely indicates that a relation exists between cer- 
tain variables. This relation might or might not be causal in character. 

The allocation of cause comes through experimentation. The func- 
tion of correlation is to point out the factors upon which it is worth 
while to experiment. 
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7. Be sure there 1s no correlation between errors in the application of 
difference formula. The complete formula for probable error of a differ- 
ence between two functions is given by the equation: 





PE. of difference = */ (P.E.;)? + (P.E.2)? — 2 mn: P.E. P.E. 


in which subscripts 1 and 2 represent the two variables involved and r 
the correlation between errors. In the great mass of physiological 
problems where this equation is used, the correlation coefficient between 
the errors caf be assumed to be zero. However, experiments can be 
obtained in which ry», might not be zero. For instance, suppose that 
one was testing the first and second samples of CO, taken from a Hal- 
dane respiratory bag. If one should compute the mean of the CO, 
in a series of first samples and another in a series of second samples 
and then desire to know if the difference between these means were 
significant in light of the probable error of the difference, the correlation 
between sampling errors would necessarily enter into consideration. 
This is due to the fact that the total amount of CO, remaining in the bag 
would be changed slightly due to the removal of the first sample. For- 
tunately such instances are few in number and are usually trivial in 
character. They can be located by examining the experimental pro- 
cedure in the problem. 

8. Do not confuse per cent of quantity with probability. Probability 
statements are very frequently confused with percentage statements 
which do not indicate probability. 

For example, the limits of normal basal metabolism are usually de- 
fined as plus and minus 10 per cent. Within these limits, which essen- 
tially stand for quantity in terms of calories per square meter per hour, 
occur about 95 per cent of normal adults. In statistical terms, there- 
fore, these limits demarcate a frequency zone of approximately plus and 
minus two standard deviations. However, many situations might shift 
the boundaries of plus and minus 10 per cent in basal metabolism rates, 
with respect to their significance in terms of frequency. For instance, 
in childhood, individual variation is higher and consequently the limits 
of plus and minus 10 per cent include only about 90 per cent of normal 
children. 

9. Be sure to describe relations of variables before computing ratios or 
indices. The physiological literature is full of analyses of data by 
ratios such as color index, volume index, saturation index, nutrition in- 
dices, anthropological indices, repiratory quotient, etc. 

Critical use of such indices necessitates that the variables constitut- 
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ing the index be adequately described. In no other way is it possible 
to know whether the mathematical function assumed by the form of 
the index is reasonable for the data involved. After the index is applied 
to the data, all opportunity to obtain such a description is lost. 

10. Never use Chi Square, x, except upon frequency observations. 
The theory of x? is developed upon the assumption that frequencies 
have been sampled. To shift frequencies to a percentage basis results 
in erroneous conclusions. To compute xX? on measured quantities is 
also incorrect. If measured quantities have been counted and fre- 
quencies of the counts are being compared, then xX? can be used. 

11. Never try to explain why differences occur by any method designed 
purely to test the significance of differences. Tests of significance are 
always directed at the problem of telling how differently two or more 
samples deviate from each other or how widely statistics might diverge 
without deviating beyond sampling possibilities. The question of 
whether differences are significant can be answered by statistics, that of 
why they are different is beyond the scope of any tests of significance. 

12. Do not abuse the application of the probable error concept. This 
caution is well expressed by Yule (687, p. 281). 


The student must, therefore, be very careful to remember that even if some 
observed difference exceeds the limits of fluctuation in simple sampling, it does 
not follow that it exceeds the limits of fluctuation due to what the practical man 
would regard—and quite rightly regard—as the chances of sampling. Further 
he must remember that if the standard error be small, it by no means follows 
that the result is necessarily trustworthy: the smallness of the standard error 
only indicates that it is not untrustworthy owing to the magnitude of fluctuations 
of simple sampling. It may be quite untrustworthy for other reasons: owing 
to bias in taking sample, for instance, . . . . On the other hand, of course, it 
should be borne in mind that an observed proportion is not necessarily incorrect, 
but merely to a greater or less extent untrustworthy if the standard error be large. 


It is well to remember that the term probable error is a distinct mis- 
nomer. ‘Probable error’ is neither “probable” nor “error.” In an 
observed distribution it is a descriptive measure of variation used for 
interpretation with reference to any statistic. It is also used to infer 
the sampling variation in a hypothetical universe of homogeneous sta- 


tistics. Francis Galton (203, p. 57) describes the significance of the 
term: 


The term Probable Error, in its plain English interpretation of the most 
Probable Error, is quite misleading, for it is not that. The most Probable Error 
(as Dr. Venn has pointed out, in his Logie of Chance) is zero. 

It is astonishing that mathematicians, who are the most precise and perspica- 
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cious of men, have not long since revolted against this cumbrous, slip-shod, and 
misleading phrase. They really mean what I should call the Mid-Error, but 
their phrase is too firmly established for me to uproot it. I shall, however, 
always write the word Probable when used in this sense, in the form of ‘‘Prob.’’; 
thus ‘‘Prob. Error,” as a continual protest against its illegitimate use, and as 
some slight safeguard against its misinterpretation. 


D. PRESENTATION AND PRESERVATION OF ORIGINAL DATA. Those 
who use statistics are at the mercy of the author who publishes his 
results. A corsiderable proportion of physiologists publish the con- 
stants which they compute from their data but omit the publication of 
original observations. Other workers in the subject who approach 
similar problems from slightly different viewpoints frequently find it 
impossible to make use of such material. 

There are some investigators who deprecate the publication of origi- 
nal observations, because they believe that the scientific opinion of the 
individual experimenter is the only thing which counts. 

This attitude of mind interferes with physiological progress. Several 
factors make the preservation of raw data of prime importance. First, 
data collected for one purpose very frequently can be applied by other 
subsequent workers for the solution of entirely different problems. 
Second, many problems involving broad generalizations could never 
be solved by the data which any one investigator, or any one group of 
investigators are able to collect. Third, since no physiological phe- 
nomenon is static, all information regarding long time trends would be 
lost by maintaining this attitude. Fourth, opinions and conclusions 
are always transitory while data accumulated under known conditions 
are comparatively absolute in character. It is an unusually fine piece 
of physiological work in which the opinions of the author maintain their 
soundness for a period of 25 to 50 years. On the other hand, the data of 
almost any laboratory worker, if he conscientiously describes his tech- 
nique and material, have considerable value for an indefinite period. 

Clearly it is the duty of physiologists to preserve their original ob- 
servations. The question of ways and means then comes up for con- 
sideration. At the present time the bulk of such original data could be 
published by physiological journals with slight added expense. If raw 
data become too bulky to be printed on one or two pages, publication 
by photographic means can be used. This subject is adequately dis- 
cussed by Albrecht (7) and by Livingston (340). An example of its 
application is seen in an article by Dunn (135, p. 446). He reproduces 
18 numerical observations upon each of 478 individuals in one plate. 
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The correlation tables necessary to have given approximately the same 
amount of information would have taken up 92 pages. Very few 
physiological problems involve data too extensive to be photographi- 
cally published. When original data of large studies cannot be pub- 
lished, they should be preserved in some central deposit. The Wistar 
Institute furnishes such a service for anatomical data. The British 
Association (99) took a definite stand on this necessary matter. ‘Ne- 
gotiations with the Natural History Museum at South Kensington and 
with the Royal Society of Edinburgh have resulted in the establishment 
of the required archives for the reception of biological data, where they 
will be available to students, and in this sense will have secured effec- 
tive publication.” 

The necessity for publication of raw data should not be confused with 
publication of constants computed from these data. The tendency is 
to over-publish the number of constants which are necessary in the pres- 
entation of a physiological paper. After all, if an investigator pub- 
lishes a description of his technique, his material, his original data, the 
steps he took in analysis, and then gives his general conclusions, the en- 
tire story is told. 

EK. ANALYSIS OF MASS DATA. Thus far the discussion of the applica- 
tion of statistical method to physiology has been directed at its use in 
connection with laboratory and experimental work. The usual con- 
cept of a statistical study is one which involves large quantities of data 
and elaborate biometric procedures. As a matter of fact the use of 
statistical method in laboratory work and its employment in the analy- 
sis of mass data is based on the same fundamental concept. Samples 
are used to estimate the probable character of the universe from which 
they are drawn. When samples are small as in most laboratory prob- 
lems it is more necessary to evaluate by means of probable error the 
uncertainty of those judgments which concern the universe. When 
samples are large as in mass analysis the necessity for the use of prob- 
able error is minimized because the universe is already adequately com- 
prehended. In both situations the investigator desires a description 
which will yield the truth about the phenomena which are being studied, 
a description which will not vary due to sampling but which truly 
represents the order of things as they exist. 

A statistical description built upon homogeneous mass data is some- 
thing different than any or all of its constituent parts considered as indi- 
viduals. Such a quantitative description might be termed a physio- 
logical entity. An entity is conceived as an actuality only in so far as 
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it has probability of occurrence as a potential or actual homogeneity 
in time or space. 

An entity is proved to be a new concept if it functions in a new and 
different manner than does any of its constituent elements. 

For instance, the nerve cell can be considered as an entity of cellular 
structure; the nervous system, made up of many nerve cells, is a new 
and different entity with functions unlike its individual elements. A 
statistical observation on the growth of single individuals is something 
quite different from the abstract concept of growth arising from a mass 
study of many growing individuals. The picture of influenza death in 
the individual will not lead to the entirely different concept of an in- 
fluenza epidemic entity. Physiology as a subject differs from pathol- 
ogy, anatomy, and biological chemistry primarily because it studies 
the body of man and animal as entities. Mass analyses of data lead 
to concepts of statistical entities which, as mass concepts, are distinct 
from their integral elements and possess peculiar characteristics of 
theirown. From a study of such statistical entities on a broad scale 
will come the discovery of some of the fundamental laws of physi- 
ology, biology, growth and disease. . 

The realization and description of physiological entities is the goal of 
quantitative physiology. It is difficult to see how such a goal could be 
achieved without statistical methods since the entity is pictured only in 
terms of probabilities. 

An essential step to be taken before such entities can be satisfactorily 
defined is the formulation of normal standards. The laboratory worker 
constantly emphasizes the necessity for controls in the interpretation 
of his experiments. The same investigator is willing to overlook the 
-same kind of need for a statistical norm relative to quantitative data. 
The place where adequate statistical norms are particularly necessary is 
in the application of physiological tests to clinical medicine. A normal 
standard for physiological tests used in medicine should have the fol- 
lowing characteristics: 

1. It should involve a representative group of people whose basic 
characteristics such as sex, age, race, disease history, occupational and 
social environment, are recorded and who truly represent as near as 
possible a cross-section of the locality in which the standard is going to 
be used. 

2. It should be established on large numbers of individuals. 

3. It should consist of records homogeneous with respect both to 
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observers and technical methods. The physiological technique used 
should be stated in detail. 

4. It should always involve reference to time, by year, month, day 
and hour. 


5. It should be published in some manner which makes it universally 
available. 


6. Anormal standard of this type should be reéstablished periodically 
in order to correct for time trend. 

The formation of such a norm would have the following effects: 

1. It would permit comparison of a great variety of physiological en- 
tities with reference to a common standard. 

2. It would cut down to a very large degree the number of observa- 
tions necessary to prove the significance of differences between physio- 
logical entities and the normal values. 

3. It would facilitate the comparison of physiological findings from 
one geographical section of the country to those of another. 

4. It would introduce consideration of long time trend which would 


result in a dynamic rather than a static description of physiological 
entities. 


SUMMARY 


Statistical method is a scientific tool which can be readily adopted 
for the analysis of physiological data. It is useful as a laboratory aid 
to an unbiased, critical attitude. It describes in an adequate and simple 
way a mass of complicated data. It helps in testing the reliability of 
technique. It measures significance of experimental results. It evalu- 
ates the experimental control. It holds constant factors which other- 
wise would have to be considered as experimental variables. It meas- 
ures differences between kinds of constants or descriptive terms and 
tells the degree of such differences. It helps in generalization of physio- 
logical results by evaluating the likelihood of variations due to sampling. 
It brings together and describes the degree of relationship between 
widely different kinds of variables. It opens up the possibility of mass 
analysis in a great variety of physiological data with the resultant 
prospect of defining broad general physiological laws. 
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APPENDIX I 





Glossary of Symbols Used in Statistical Methods 








A a Alpha Np Nu 
B B Beta = g Xi 
r oY Gamma O o Omicron 
A i) Delta II T Pi 
- « Epsilon P p Rho 
Z tc Zeta > 2 o Sigma 
Greek Alphabet H d Eta . _ 
9 6 Theta T v Upsilon 
I ‘ Iota b’ ¢ Phi 
K K Kappa xX x Chi 
A d Lambda S v Psi 
\(M m Mu 2 w Omega 
{ + plus or minus 
> divided by 
multiplied by, if between variables; decimal 
point, in number; holding as constant fac- 
tors, if in the subscripts of partial corre- 
lation or o 
= equals 
x does not equal 
= equals approximately 
= approaches 
< less than 
> greater than 
oe sat ; therefore 
ee ee Vni= vy n=n? square root of n 
matical Sym- (Vn = nm m*> root of n 
bole in =n! factorial n = (n) (n — 1) (m — 2)...... 
(n — (n — 1)) 
S sign of integration, summation sign used in 
calculus 
St integration between the limits b and a 
rr) infinity 
z sum of 
e=e 2.171828 unless otherwise stated 
7 3.141593 unless otherwise stated 
log common or Briggsian logarithm to base 10 
loge natural, hyperbolic or Naperian logarithm 
to base e 
a” the constant a raised to n** power 
a* = &- the constant a raised to minus n* power 
Ay increment or finite increase in variable y 

















Common Mathe-| dz 


matical Sym- 
bols—contin- 
ued 


Trigonometric 
Functions 


Frequency 
Distributions 
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‘dy differential of y 
ov derivative of y = f(x) with respect to z 
dy n% derivative of y = f(x) with respect to z 
4 . ‘ . . 
= partial derivative of x with respect to y 
f(x), e(x), F(x) symbols for functions of xz 
Zi, 2, a (etc.) subscripts (such as 1, 2, and a) to any con- 
stant or variable name the condition de- 
L scribed by the constant or variable 
‘sin @ sine a = y'/r in figure 
COS a@ cosine a = z'/r So “ 
tan a tangent a = y'/x’ ne 
cot a cotangenta = 2’/y’ _  e 
sec a secant a = r/x’ -iadliiest lice +X 
CSC a cosecanta =~ r/y’ ie 
vers a versine a = telat 
covers a coversinea= 1l-—y/r“ * 
sin“'a@  anti-sin a; or an angle whose sine is a 
sinha hyperbolic sine a = 3(e* — e~®) 
sinh! a@ an angle whose hyperbolic sine is « 
‘any letter near the end of 
zor X abscissa alphabet _— be wed to 
<* snl indicate a variable quan- 
y tity, but most commonly 
| a2 and y are used 
for 9 deviation of z or y values from arithme- 
eo Sa a tic mean of z or y 
X or Y arithmetic mean z and y 
Norn _ total frequency, number of observa- 
tions, any constant 
\General : : 
(Z frequency in class intervals 
Terms 





wiw2w3 weights attached to a series of measures 
being averaged 

p probability of an event happening = 
7% 

q probability of an event not happening 

x, = ee tabled in 478 (bibliography) 

af 0.67449 
Xe Van 











tabled in 478 (bibliography) 
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M arithmetic average, average, arithmetic 
mean, mean 


Central Ma median 


Tendency {M. mode 


Statistics |M, geometric mean 
M, harmonic mean 
D_ distance between and mode 


Vi, v2, V3, v4 


Mi, M2, M3, M4 





: 


Ss 


| 


| P.E. 
'y 


o 





iene 


qi 
qa 
a 
Bi 
Be 





correlation coefficient 
eta, correlation ratio 


Wi, W2, 73, WA 


moments of a frequericy distribu- 
tion about arbitrary origin 

moments of a frequency distribu- 
tion about arithmetic mean 
without Sheppard’s corrections 

moments of a frequency distribu- 
tion about arithmetic mean with 
Sheppard’s corrections 

standard deviation; root arithme- 
tic mean square deviation 

root mean square deviation about 
an origin other than arithmetic 
average 

probable error 

coefficient of variation expressed 
as unity 

coefficient of variation expressed 
in per cent 

the lower quartile 

the upper quartile 

semi-interquartile range 

us’/p2® 

Ha/p2? 

skewness coefficient 

kappa, a criterion of curve type 
used by Pearson and calculated 
in terms of 8; and B:2 


; oe e.v.\21/2 
pi = CY. E +2 (| 


tabled in 478 (bibliography) 


multiple correlation coefficient 


Correlation and |R, a measure of correlation by ranks found by Spearman’s 
“‘Footrule”’ 

correlation coefficient determined from R, 

correlation coefficient calculated from fourfold table; 
tetrachoric correlation 


Contingency | 
Ts 
rt 
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(C coefficient of contingency 
'g mean square contingency 


x? Chi square, a measure used in testing goodness of fit and 
presence of association 
Correlation and 


Contingency { (The letters a, b, c, d, e, f, g, h, i, j, k, are used as 
—continued In equations | constants 


fitted to | The letter b in linear equations signifies the rate | 
observed of increase 


data The letters u, v, w, 2, y, z, are used to indicate | 
L variables 

APPENDIX II 
TABLE OF Equations IN Common SratTisTIcaL Use 
A. Table of Constants 





Symbol Number Logarithm | 
Base of hyperbolic (natural) e 2.7182818 0. 43429448 | 
logarithms | 
Reciprocal of e l/e 0.36787945 9 .5657055-10 
Modulus of common system of log. 0.43429448 9.6377843-10 | 
logarithms } 
Reciprocal of modulus l/loge 2.3025851 0.3622157 
Ratio of circumference to diam- rs 3.1415927 0.4971499 | 
eter of circle 
Reciprocal of + l/r 0.3183099 9 .5028501-10 


Square root of + (s ~—-:1.7724538 «0. 2485749 


Vr 
Reciprocal of square root of r Vx 0.5641896 9.7514251-10 
Square root of 2 x V2 2.506628 0.399090 


Reciprocal of square root of 2 7 l/V 2" 0.3989422 9.6009101-10 
Probable error + standard de- T 0.6744898 9 .828976-10 
viation (7’) 


Reciprocal of T 1/T 1. 4826021 0.1710246 


B. Formulae and Probable Errors for Frequency Distributions (see page 336). 


C. Formulae and Probable Errors for Multiple Variants (see page 339). 


ee 


D. Equations for Translation of Moments and Sheppard’s Corrections ; 





((mean): 7, = »; + arbitrary origin 


Standard 
deviation }: mz. = v2 — (»)? 


squared 


— Sheppard’s correc- \ /Third 
moment [43 = v3 — 3yryv2 + 2y;3 
n 


about mea 


Fourth 
moment 1g = 14 — 4ryv3 + 6r;2v2 — 34° 


about mean 


ee ee ee ee 
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D. Equations for Translation of Moments—continued 




















((Mean): #4. = ™ 
Standard 
deviation }: uw, = mm, — « 
squared 
Sheppard’s corrections Third 
moment [ms = Ws 
about mean 
(“nen ) - 
moment [we = ye — 4 ee + — 
|\ about mean 240 
Cross product 
moment: wsy = Vey — Yr Py 
E. Functional Relations of y = f (x1, 22,...... In) 
FUNCTION MEANS STANDARD DEVIATION 
y = % + 2 M,+ M; [o;? + on? + 2 riz oy @)* 
2 
yentnta |Mt+M+M lex? + ot ost +2 riser en + 
2 ris 01 03 + 2 £23 2 3) 
7? aq M, — M; [o:? + o2? — 272 oa]* 
M, M; [V;? + V;? AP fs ViVet+ 
“nae Vi? V2? (1 + riz) |? or approxi- 
oe mae t tae: os mately M; M2 [Vi2 + V.?+ 
2 Ti2 Vi V2)! 
2 2 2 
M; Ma Ms [1+ ria Vi Vat (Mt Ma Ms (Vat Vet Vet 
Y = 21+ %2° £3 satis, d-twe Fo Beit 2 rio Vi V2 + 2 13 Vi Vs + 
SEE "* || 2 res Vo Vs)! approximately 
x M 
iia, “i 7. (1 + V2? — ri Vi V2) i, [V;? + V2 — 2 re Vi v;) 
y = any function z | (See bibliography, 117 | (See bibliography, 117 and 503) 





and 503) 








In above equations V signifies coefficient of variation in terms of unity .’. 


Th 


The various r values are correlation coefficients between errors and ordinarily 
can be considered to be zero (see p. 324). When not zero and if frequencies 


are involved, they can be computed by equation: ryy, = — — 


bibliography, 308 (p. 153). 
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F. Frequency Equations in Common Use 





Normal curve 


Normal correla- 
tion surface 


Skew Frequency 
curves Pearson 


Skew Frequency 
curves Gram- 
Charlier 


( 





mete Gy’... 6st (a) 


a ee 4/7 PE 


Maximum y = 0.39894 = 0.26908 —— 
o P.E. 
o = 1.48260 P.E. 
PE = 0.67449 o 


n = 2.5066 (maximum y)o = 3.7163 (maximum y) (P.E.) 
._The probability integral is given in 513 (p. 14) 


_2 _2 
z x = > 
Zi 
a 3 s+ -2r Ss 
n o e %1.2 [2.1 
1.2 2.1 


= e 
Scam V1 ~ 


f 














Best described with examples in 164, equations being sum- 
marized on page 47 


Summarized in 180, 181, and 514 (pp. 156-172) 
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APPENDIX III 
Tables and Figures of Probability Functions 


Proportionate Area under Normal Curve Beyond + - Limits when Total Area 
og 


under Normal Curve is Unity. 


Note: ¢ deviation from mean and og, the standard deviation; 7 and ¢ must be 
measured in similar units. 





AREA LA 


alr, 
S RI 


AREA AREA * \argal| & | area s AREA 
og Cc 


aia 





0.00 | 1.000)| 0.24 0.810 0.580.562 0. 920. 358)| 1.50 

0.01 | 0.992)| 0.26) 0.795 0.60,0.549)| 0. 940. 347|| 1.55)0.121|| 2.5 |0.012 

| 0.02 | 0.984|| 0.28) 0.779) 0.620.535 0.960. 337)! 1.60.0.110}| 2.6 |0.0093 

| 65 
70 


1.50/0.134)| 2.4 |0.016 
1 
1 
0.03 | 0.976|| 0.30) 0.764)| 0.64(0.522|| 0.98,0.327)| 1.65/0.099|| 2.7 (0.0069 
1 
1 





0.04 | 0.968|| 0.32) 0.749 0.660.509 1.000.317 0.089); 2.8 0.0051 


0.05 | 0.960)| 0.34) 0.734) 0. 680. 497)|| 1.020.308 0.080); 2.9 0.0037 

0.06 | 0.952)) 0.36) 0.719)| 0. 700. 484)| 1.040.298)| 1.80.0.072)| 3.0 0.0027 

0.07 | 0.944|| 0.38 0.704) 0. 720. 472|| 1.060.289)| 1.850.064) 3.1 |0.0019 

0.08 | 0.936) 0.40) 0.689) 0.740.459) 1.08 0.280)! 1.90.0.057)| 3.2 0.0014 

0.09 | 0.928) 0.42) 0.674) 0. 760. 447|| 1.100.271)| 1. -95,0. .051|| 3.4 0. .00067 

0.10 | 0.920)| 0.44) 0.660) 0. 780. 435|| 1.150.250); 2.00,0.046)| 3.6 0. .00032 

0.12 | 0.904) 0.46 0.646) 0.800.424) 1.200.230)| 2.050.040) 3.8 0. 00014 

0.14 | 0.889)| 0.48) 0.631)| 0. 820. 412)| 1.250.211) 2. 100. 36 4.0 0. 000063 
0.16 | 0.873)| 0.50 0.617)| 0. 840.401)| 1.300.194)| 2. 15, 4.5 0. 000 , 007 
0.18 | 0.857), 0.52) 0. 603) 0. 860.390) 1.350.177 2 20'0.028 5.0 0. 000 , 000 , 6 
0.20 | 0.841)) 0. 54 0.589) 0.88.0.379|| 1.400.162)| 2.250.024)| 5.5 0. 000 , 000 , 04 
0.22 | 0. 826, 0. 56 0. 575 0.900.368) 1.450.147 2.300. Ps 6.0 0. 000 , 000 , 002 
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Probability that an experience 
at least as divergent as the one 
at band will arise from sampling. 
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Number of free cells in contingency table plus enc. 


Fig. 6. Nomogram for computing probability equivalent from values of x? 
In entering this table, n = number of free cells + one = (number of rows minus 
one) (number of. columns minus one) + one. 
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APPENDIX IV 
Cross INDEX TO BIBLIOGRAPHY 


An adequate review of quantitative physiology involves a survey of what 
has been accomplished in the subject. Since quantitative physiology merges 
into borderline studies with a variety of subjects such as anatomy, anthropom- 
etry, constitution, pathometry, physiological chemistry, vital statistics, and 

rowth, a complete survey is almost impossible. An attempt is made in the 
ollowing bibliography to introduce the reader to the more important quantita- 
tive works that have been done. Articles or books containing important and 
more detailed references are listed under ‘‘bibliography’’ in the cross index. 

The reference list to statistical articles is particularly sketchy since only those 
references were selected to which the physiologist would probably like to refer. 

The term ‘‘data’’ used in the cross index signifies that considerable numbers 
of observations have been taken and recorded but no statistical analysis at- 
tempted. The term ‘‘biometric’’ implies that either the statistical method or 
fitted equations have been used in the analysis and in many instances that the 
original observations are present. ‘‘Growth’’ indicates the growth period, fetal 
to adult life. ‘‘Mathematics of’’ usually signifies deviation equations of the 
involved statistical constant or its probable error. ‘‘Computation technique” 
refers to illustrative examples in the computation of statistical constants. 

In all instances the numbers in the cross index represent the serial numbers in 
the bibliography. 





abdominal circumference: growth, data, 599; adult, biometric, 19, 43b, 46, 73a, 
374a, 386, 630 

ability: biometric, 456, 459 

adding machines: (see calculating machines) 

adolescence: biometric, 78 

adrenalin output: biometric; cats, 583; dogs, 583 

age of onset of disease: biometric, 171, 175 

age of parent: data, 633; biometric, 169, 170, 171, 172, 216, 305a, 309, 343a, 362, 492 

albinism: data, 464 

alcoholism: data, 387; biometric, 31, 150, 277, 634 

altitude: biometric, 1 

Ambard’s coefficient: discussion and biometric, 644, 645, 658 

annual variation: biometric, 257, 258, 260, 387, 408 

miata EE measurements miscellaneous: biometric, 19, 73a, 207a, 271, 383a, 


appendix: growth data, 242 

arith-logarithmic paper: explanation, 182, 266, 337, 368, 387, 425, 563, 656; exam- 
ples of its use, 81, 243, 298, 387, 419, 421, 587, 601 

arm measurement: (see extremity) 

ash of body and organs: adult; data, 179, 392, 640 

ash content of bones: human, data, 640; rats, biometric, 251 

assertiveness: biometric, 456, 474 

association coefficient: 56, 466, 513, 687 

association measures: 447, 448, 457, 466, 678, 679, 681, 683, 686 

astigmatism: growth, biometric, 481, 482, 483; adult, biometric, 671 

athletic capacity: biometric, 456, 459, 474, 584 


B; and #2 (beta: and betas): 164, 425, 478 

bacteria: counts, biometric, 176, 375, 633d, 633e, 651; death rates, data, 81; 
intestinal flora, growth data, 178, 242; morphology biometric, 274; 
opsonic index biometric, 226, 227, 265; water pollution data, 81, 633e; 
biometric, 230, 633d; sensitizer data, 298 

balance, sense of: biometric, 521, 671 

barometric pressure: (see meteorology) 
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basal metabolism rate and gaseous exchange: disease, data, 9, 54, 403; normal in 
growth data, 38, 178; biometric, 255; normal in adult data, 54, 234, 320, 
392, 570; biometric, 52, 53, 255, 320; in dogs biometric, 191 
basic data: consideration of, 99, 363, 367, 387, 411, 454, 463, 561, 562, 667 
Bayes’ theorem: 33, 56, 101, 116, 433 
bibliography (this is a list of bibliographies on the specified subjects which will 
permit the reader to extend his information to a more comprehensive 
scale than is possible in the present bibliography): age of parent and 
its effect on offspring, 171, 348a; albinism, 464; altitude effects, 549; 
anatomical physiological correlations, 303; anatomical growth, 85a, 
286, 392, 520, 534, 541; anthropometry, 20, 85a, 264, 292, 293, 299, 518; 
association measures, 683; bacteria morphology, 274, bacteria in water, 
633d; basal metabolism, 55, 321, 600; biology quantitative, 119, 421; 
biometric subjects in general, 47; blood chemistry growth, 115, 392; 
adult, 382, 383, 392; blood circulation, 488, 608; blood counts and 
differential, 339; blood creatinin, 296; blood groups, 283, 545a, 572; 
blood nitrogen, 192; blood platelets, 32; blood pressure, 304, 354, 608; 
blood, resistance of corpuscles, 384; blood sugar, 252, 353; blood vol- 
ume, 167, 488; bone congenital defects, 586; calculating machines, 291; 
cancer and tuberculosis, 430a; child mortality, 177; child physiology, 
178, 242, 286, 392, 402, 640; climate and infant death rate, 198a; circu- 
lation, 83, 608; color blindness, 36; craniometry, 391; deafness, 176a; 
dementia precox, 335a; disease incidence, 14, 641; educational sta- 
tistics, 73; eye, 290a; fetal growth, 84, 85a, 110, 242, 541; fetal 
physiology, 178, 242, 286, 392, 402, 640; graphic methods, 266, 357; 
growth curve, 515, 635; growth studies, man, 22, 43a, 43b, 84, 85a, 115, 
242, 286, 392, 402, 517, 526, 541, 546, 547, 603, 637, 640; growth in ani- 
mals, 63; in rats, 129; heart measurements, 323, 608; hemoglobin, 23; 
history economic statistics, 307, 327, 363; history, name of statistics, 
307, 680; history probability, 116, 617; hydrogen ion concentration in 
blood, 18; hypotension, 196; inanition, 302; inheritance, 88b, 120; 
intelligence, 356, 485b; internal secretions, 545; kidney structure, 642a; 
light, 95; logistic curve, 515, 635; mathematical equations of general 
use, 661; mathematical tables, 211, 272, 291, 299, 325; medicine general, 
641; milk, 217; menstrual effects, 140a; mortality in child, 177; mortal- 
ity, biology, 421; nervous system growth, 542a; nutrition and indices 
of nutrition, 115, 220, 302, 402, 526; ossification, la; pathology growth, 
286; pelvis, 496a; pernicious anemia, 545; physical efficiency, 108; 
physiological anatomical correlations, 303; physiology growth, 286, 
299, 392, 511, 640, 642; physiology quantitative adult, 640; population, 
324; probability, 116, 147, 617; probability history, 116, 617; probability, 
philosophy of, 316, 486; psychological tests, 73, 356; rat, 129; respira- 
tory quotient, 510a; social conditions such as poverty, housing, wages, 
etc., 402; spleen, 270; starvation, 302; statistical method and content, 
209, 315, 513, 687; suicide, 369; thermometer, 673; thyroid enlargement, 
96; vision, 343b; vital capacity, 108, 381; vital statistics, 425, 656; 
water pollution, 633d; weight loss newborn, 39 
bile: growth data, 178, 640; adult data, 392 
births: raw data, 633; biometric, 276, 324, 387; multiple births data, 633 
birth order: data, 633; biometric, le, 34, 261, 348a 
birth rates: biometric, 66, 153, 281, 387 
biserial r (biserial correlation coefficient): 315, 513 
bladder weight: man growth data, 242; guinea pig data, 45 
ar aa growth data, 178; biometric, 521, 678; adult biometric, 612 
ood: 
Chemistry; calcium; man data, 207, 383, 392, 640; rabbit biometric, 71, 254 
carbohydrate tolerance; biometric, 499 
hydrogen ion concentration; data, 242, 383, 392, 640 
nitrogen; data, 207, 383, 392, 640 
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phosphorous; man data, 383, 392, 640; rabbit biometric, 71, 254 
sugar; man data, 207, 383, 392, 640; biometric, 8, 58a, 487, 499; dogs bio- 
metric, 191; rabbits biometric, 558 
urea; growth data, 178; adult data, 5, 207, 383, 392, 640 
other chemicals; data, 207, 254, 383, 392 
coagulation; data, 178 
counts platelets; growth data, 242; biometric, 339 
counts red blood cells; man growth data, 178, 242; growth biometric, 339; 
adult data, 244, 392, 395, 396, 640; adult biometric, 1; pigeon biometric, 
27; rabbit biometric, 80; rat biometric, 129 
counts white blood cells; man growth data, 178, 242; growth biometric, 339; 
adult data, 392, 527, 640; phagocytosis biometric, 226, 227; rabbit 
data, 560; biometric, 80 
differential counts; man growth data, 178, 242, 392; growth biometric, 339; 
adult data, 527, 640; rabbit biometric, 80 
grouping: data, 112, 282, 283, 545a; biometric, 343a 
hemoglobin: man growth data, 178, 242; adult data, 244, 392, 395, 396, 488, 
640; biometric, 89; pigeon biometric, 27 
hemolysis of red blood cells; data, 298; biometric, 489, 490 
insulin effects on blood sugar: biometric, 499 
measurements on red blood cells: man biometric, 489, 490, 494, 495; tadpole 
biometric, 461 
proteins: man data, 383; dogs biometric, 191 
red blood cell volume: man data, 244, 395, 396; biometric, 430; pigeon bio- 
metric, 27 
specific gravity: man growth data, 178, 242; adult data, 392, 640; pigeon bio- 
metric, 27 
volume of blood: man growth data, 178, 242; adult data, 313, 488, 640; pigeon 
biometric, 27 
volume of plasma: man data, 313 
blood pressure: systolic; growth data, 242, 488, 608, 640; growth biometric, 174, 
584, 588; adult data, 109, 140a, 392, 608, 633b, 640; biometric, 3, 4, 11, 43b, 
78, 108, 127, 130, 216, 303, 303a, 317, 383a, 479, 550, 566; constipation 
biometric, 12; hypertension biometric, 12, 127 
diastolic; growth data, 242; biometric, 174, 584, 588; adult data, 109, 140a, 
392, 608, 640; biometric, 108, 127, 133, 317, 383a, 479, 550 
body length: (see height) 
body temperature: (see temperature) 
body weight: (see weight) 
bones: (see long bones, congenital bone defects, skull bones, spine, pelvis bones, 
ash content of bones) 
bone marrow: growth data, 242 
bone structure: growth data, 178 
brain weight: man growth data, 59, 110, 178, 242, 542a, 640; biometric, 134, 136, 
383a, 532; man adult data, 59, 210, 392, 640; biometric, 50, 228, 383a, 
405, 437; guinea pig data, 45; rabbit biometric, 68, 69, 70, 404; rat 
biometric, 129; turkey (chicken) biometric, 331, 33la, 332 
brain part weight: man growth data, 59, 542a; biometric, 134, 136, 139a, 279a, 
279b, 532, 535; man adult data, 59, 640; rat biometric, 129; chicken 
biometric, 33la 
breast: growth data, 242 
breast milk: biometric, 160, 311, 402, 640 
breath holding: biometric, 108, 633a 
breathing capacity: (see vital capacity) 
broad categories in a frequency distribution: 432 
build indices: 24, 73a, 85a, 207a, 402, 548, 669 
butter: data, 63; biometric, 218, 614, 615 
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calcium: (see blood calcium) 
calculating machinery: such as slide rules, calculating machines, integraphs and 
differentiating machines, 291, 295, 338, 513, 676 
calculus of variations: (see statistics) 
cancer death rates: data, 387; biometric, 67, 276, 361, 418, 430(a), 467, 585, 587, 590 
capillary pressure: data, 608, biometric, 267 
carbohydrate tolerance: biometric, 499 
carbon dioxide: (see basal metabolism) 
cardio-vascular disease: biometric, 342 
cecum: growth data, 242 
cell volume: (see blood) 
centenarians: biometric, 412 
center of gravity: biometric, 397a 
central difference formula: (see statistics) 
cephalic length, breadth, and index: (see head) 
chest circumference: man growth data, 242, 507a, 599, 640; biometric, 22, 42, 
207a, 383a, 552, 578a; adult data, 392, 628, 640; adult biometric, 19, 
20, 43b, 46, 73a, 107, 108, 119a, 122, 219, 221, 271, 303, 303a, 374a, 376, 
383a, 437, 500, 502, 518, 528, 616b, 630, 633a 
chest diameter: ‘ 
anterior-posterior; growth data, 640; biometric, 22, 43; adult data, 640; 
biometric, 43b, 46, 73a, 616b, 630; turkey biometric, 331 
lateral; growth data, 640; biometric, 22, 43; adult data, 640; biometric, 46, 
528, 616b, 630; turkey biometric, 331 
chest expansion: biometric, 43b, 303, 303a 
child birth, death rate from: data, 387 
chi-square: (see tables); discussion, 56, 111, 187, 190, 197, 368, 425, 447, 448, 466, 
467, 469, 513, 686, 687; good examples, 138, 229, 425, 447, 448, 466, 467, 
497, 571, 612, 686, 687 
cholera death rate: biometric, 524, 525 
class frequencies, probable error of: 77, 308, 432 
climate: data, 387, 392; biometric, 60, 198a, 524 
cochlea: guinea pig data, 240a 
coding: 139, 414, 563 
coefficient of variation: definition, 513, 687; computation technique, 425, 478, 513 
color blindness: data, 36 
colostrum: data, 640 
combinations, permutations and binomial theorem: 77, 308, 425, 513, 687 
computing charts: (see nomograms) 
conception time: human data, 17, 640; opossum biometric, 263 
congenital bone defects: biometric, 586 
contingency coefficient and mean square contingency: 73, 75, 111, 164, 262, 315, 
460, 484, 513, 652, 661, 687; probable error, 678; example, 678 
contingency measures: 447, 448, 457, 466, 678, 679, 681, 683, 686 
cornea growth: biometric, 298a 
corpuscle problem: 663, 664 
correlation: general discussion; 387, 463, 503 
history of, 472 
correlation coefficient: (see multiple and partial correlation) discussion, 297, 398, 
450; definition, 513, 652, 687; equation, 77, 118, 513, 687; computation 
technique, 56, 75, 77, 111, 190, 193, 306, 308, 315, 322, 368, 370, 397, 425, 
513, 607, 661, 687; mathematics of, 56, 77, 164, 193, 450, 514, 661, 677, 
682, 687 
probable error of: (see tables) 56, 57, 185, 297, 465, 503, 516, 565, 574, 575, 596 
relative or percentage correlation: 398 
spurious: 66, 117, 204, 241, 436, 438, 503, 662, 684 
correlation ratio: definition, 513; equation, 56, 75, 77, 425, 513, 514, 661, 687; 
computation technique, 75, 315, 425, 513, 687; limitation of, 73, 190; 
test of linearity, 73, 425, 513, 687 
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correlation ratio partial: 300, 468 
correlation surface equation: 56, 77, 193, 308, 514, 687 
correlation tables: 315, 425, 607, 687 
cranial capacity: adult biometric, 87, 437, 553, 578, 616a, 623 
cubes: (see tables) 
curve fitting (non-linear): common type of equations, 338, 523 
goodness of fit; 188, 451, 510, 567; example, 41, 136 
methods of fit; graphical, 214, 338, selected points, 308, 513, 579, averages, 
338, 513, differences, 308; moments, 164, 193, 308, 425, 458, 513, least 
squares, 75, 101, 190, 214, 336, 338, 359, 364, 366, 368, 513, 523, (best) 661 
selection of equation and residual; 178, 338, 513 


daily variation: (see diurnal variation) 
data: (see statistics) 
arrangement and collection; 21, 56, 90, 137, 139, 308, 368, 425, 463, 563, 676, 687 
coding; 139, 414, 563 
collection errors; 387 
consideration of; 99, 363, 367, 387, 411, 454, 463, 561, 562, 667 
correlation tables; 315, 425, 607, 687 
frequency distributions; 90, 164, 607, 687 
preservation of; 7, 99, 340 
standard measurements; 355 
standard tables; 121, 562, 563 
statistical tabulation; 137, 139, 414, 563 


~ deafness: biometric, 554, 612, 678; data, 176a, 564a, 633¢ 


death classification: 387, 416 

death rate: infant data, 387, biometric, 169, 198a, 415, 602; adult biometric, 
66, 131, 281, 334, 387, 418, 420; child birth, 387; cancer, biometric, 67, 
276, 361, 418, 467, 585, 587, 590; cholera biometric, 524, 525; diabetes 
biometric, 361, 587; diphtheria biometric, 154; influenza biometric, 417, 
418; suicide biometric, 369; tuberculosis biometric, 276, 387, 497; in 
rat colony biometric, 385 

deaths: raw data, 387, 421, 437, 632; infant biometric, 124, 157, 158, 159, 160, 161, 
324, 387, 496; adult biometric, 162, 232, 324, 437, 496; disease causes, 496 

defects physical: data, 507a, 629, 678 

definition of statistics: 26, 56, 77, 90, 190, 307, 425, 687 

dementia precox: data, 335a 

density of population effects: biometric, 387, 408, 409, 417, 418, 612 

dentition: (see teeth) growth data, 178, 242, 640 

determinants: (see statistics) 

diabetes death rate: biometric, 361, 587 

diet for infant: breast milk biometric, 160, 311, 402, 640; artificial feedings, data, 
206, biometric, 160, 402 

diet for rats: biometric, 352 

difference between statistical constants: 77, 315, 368, 425 

differential count: (see blood) 

diphtheria: attack rate biometric, 154, 387; death rate biometric, 154; immunity 
data, 269; Shick test data, 282; susceptibility data, 282, 348, 529 

disease: deaths, 387, 416, 496 (see death rates) 

disease incidence: age of onset in children’s diseases biometric, 171, 175; com- 
parative frequency data, 14, 285, 387, 496, 629; discussion, 387; relation 
to age data, 14, 175, 285, 387, 496, 629; relation to sex data, 14, 175, 285, 
387, 496; sickness table biometric, 162 

distance mean to mode: 425, 478 

diurnal variation: data, 37, 527; biometric, 494, 584, 666 

dura: weight, adult biometric, 616a 

dwelling: (and such items as number of rooms, size of rooms, air space, see social 
status) 
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Edgeworth’s cseunenty curves: 58, 144 
education, degree of: biometric, 31, 277, 555, 625 
egg: fowl; measurements biometric, 113, 410; period of production, biometric, 
259, production output biometric, 113, 256, 257, 258, 260, 408, 409 
frog: measurements biometric, 305 
tern: measurements biometric, 519, 648, color mottling biometric, 519, 648 
other: biometric, 305a 
electrocardiographic studies: growth biometric, 337a 
environment due to living conditions: (see social status) 
epidemics: experimental in mice, biometric, 236, 237, 385, 620 
epididymis weight: guinea pig data, 45; rat data, 266a 
epinephrin output: cats biometric, 583, dogs biometric, 583 
equations: (see statistics, curve fitting, normal curve, rates, skew frequency 
curves, statistics, straight line, tables) 
error theory: (see normal curve) 
esophagus: turkey biometric, 331 
estrus: rat data, 129, biometric, 401 
exertion effects: biometric, 2, 550 
experimental technique: 
comparison of different methods; biometric, 222, 223, 320, 573 
testing of personal equation; biometric, 230, 329, 431, 452, 481, 491, 584, 594, 
598, 692 
expiratory force: biometric, 108, 633a 
exposure to risk and isolation: biometric, 154, 162, 334 
extremity measurements: growth data, 22, 599, 640, biometric, 43, 85a, 552; 
adult data, 130, 640, biometric, 19, 20, 46, 73a, 138, 202, 207a, 271, 343, 
5 518, 556, 616b, 630; rabbit biometric, 88c, 348a; guinea pig data, 
88 
extremity weight: fetal biometric, 536 
eyeball weight: man; growth data, 178, 242, biometric, 298a, 537, 542a; adult data, 
640; guinea pig data, 45; rat biometric, 129; turkey biometric, 331, 332 
eye color: man; growth data, 348, biometric, 151, 172, 347, 588, 612; adult data, 
5la, 130, biometric, 122, 201, 271, 343, 448, 456, 459, 466, 475, 479, 529, 
610, 611, 613; mice biometric, 126 


face measurements: (see head and face measurements) 

family environment: data, 387, biometric, 157, 158, 159, 160, 161, 311, 480, 483 

family history: biometric, 215, 311, 571 

family size: data, 387, 633, biometric, 152, 157, 158, 159 

fat metabolism: data, 288 

fat weight: growth data, 242; in the body, adult, 179, 392, 640 

fatigue tests: biometric, 108, 584, 671 

feathers: turkey biometric, 331, 332 

feces: growth data, 178, 242, 288; adult data, 392, 640 

feeding: infant biometric, 160, 402, data, 206; breast milk biometric, 160, 311, 402, 
640 

feet measurements: growth data, 22, 599, 640, biometric, 393; adult data, 136, 640, 
biometric, 138, 349, 630 

femur: (see long bones) 

fertility: data, 387, 633, biometric, 152, 170, 276, 305a, 309, 362, 399, 400, 446, 462, 
492, 493 

fetal data: biometric, 84, 85, 85a, 110, 134, 136, 389, 532, 533, 535, 536, 537, 538, 
539, 540, 541, 543; length of opossum, biometric, 263 

fibula: (see long bones) 

finger measurements: biometric, 105, 202, 207a, 349 

finger prints: growth biometric, 393; adult biometric, 156, 643 

finite difference: (see statistics) 

forearm measurement: (see extremity) 

Fourier analysis and periodic variation: 56, 77, 368, 579, 661 
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frequency constants: (see skew frequency curves and normal curve) 
generalized; 113, 117, 308, 365, 407, 425, 503 
probable error of; 145, 164, 186, 301, 308, 315, 441, 478, 508, 514, 565 
tables; 90, 164, 607, 687 


gaseous exchange: (see basal metabolism) 
gastric glands: (see stomach glands) 
gastric juice: growth data, 178, 242, 640, adult data, 392 
geometric mean: (see mean), 199, 345, 513, 636, 687 
germinal centers: biometric, 663, 664 
gestation period: opossum, 263 
goiter incidence: biometric, 387, 585, 587, 588, 589, 590 
goodness of fit of equations: 188, 451, 510, 567; examples, 41, 136 
graphical methods: | 
chapters in text books containing adequate descriptions of simple methods; 
77, 205, 322, 387, 425, 513, 563, 656 
cumulative frequency; 77, 513, 607 
equilateral triangles; 266 
isometric and three dimensional drawings; 266 
nomograms and computing charts; 62, 179, 197, 266, 312, 338, 357, 390, 656, 661; 
examples, 52, 179 
probability paper; 656 
rate or arith-logarithmic paper; explanation, 182, 266, 337, 368, 387, 425, 563, 
656; examples, 81, 243, 298, 387, 419, 421, 587, 601 
standards; 100, 368, 425, 563, 656 
text books; 61, 214, 266, 312, 338, 357, 523, 665 
growth curves of individuals: 22 
growth equations: saturation; 505; example, 505, 542a, 543; simple, 324, 341, 515; 
probable error of, 427; skew, 341, 428, 505, 506 
growth rate: 65, 375 


hair color: man growth data, 348, biometric, 151, 347, 529, 588, 612; man adult 
data, 51a, 130, biometric, 122, 343, 456, 459, 475, 479, 610, 611, 613; 
greyhound biometric, 28, 29; horses biometric, 448; mice biometric, 126 

hair quality: biometric, 456 

hair set: biometric, 459, 479 

hand measurement: (see extremity) 

handwriting: biometric, 456, 459, 474 

harmonic mean: (see mean) 

head and face measurements: (except nose and length and breadth of head) 
growth data, 84, biometric, 85a, 279, 349, 474; adult data, 5la, 240, 
640, biometric, 50, 73a, 207a, 271, 343, 459, 479, 507, 556, 623, 624 

head capacity: adult biometric, 87, 437, 553, 578, 623 

head Snouneideaniee: growth data, 22, 84, 391, 599, biometric, 85a, 588; adult 
data, 210, biometric, 50, 87, 114, 271, 556, 616b 

head length, breadth and cephalic index: man growth data, 22, 84, biometric, 
85a, 279, 393, 474; man adult data, 5la, 130, 210, 240, 39), biometric, 
50, 73a, 82, 87, 105, 114, 122, 202, 207a, 253, 271, 290, 343, 349, 379, 394, 
437, 438, 456, 458, 459, 475, 479, 491, 507, 528, 553, 556, 578, 611, 613, 
616, 616b, 623, 624; fowl biometric, 551; turkey biometric, 331; guinea 
pigs, biometric, 88b; rabbit biometric, 88c, 348a 

head weight: man biometric, 114; fetus, 536; guinea pig data, 45; turkey bio- 
metric, 331 

health: biometric, 149, 160, 311, 402, 474, 480, 660 

health parents: biometric, 402 

hearing acuity or keenness: growth data, 178, 564a, biometric, 521, 678; adult 
biometric, 16, 75a, 75b, 289, 326, 479, 521 

heart measurement: growth biometric, 43, 284; adult biometric, 43b, 518 

heart output: dogs biometric, 582 
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heart rate: (see pulse) 

heart rating: biometric, 303 

heart weight: man growth data, 59, 178, 569a, 640; adult data, 59, 97, 323, 335a, 
392, 640, biometric, 225, 228, 388a, 426, 437, 502; fowl biometric, 576, 
576a; guinea pig data, 45; rabbit biometric, 68, 69, 70, 404; rat biometric, 

: 129, 351, 669; turkey biometric, 331, 332; turtle biometric, 331b 

heat production: biometric, 231, 234, 254 

height: man growth data, 22, 24, 59, 84, 85, 110, 166, 178, 242, 507a, 568, 599, 637, 
640; growth biometric, 22, 22a, 42, 43, 43a, 85a, 115, 140, 151, 155, 172, 
243, 261, 278, 279, 284, 287, 300, 347, 358, 377, 383a, 389 (fetus), 402, 
480, 521, 529, 543, 552, 578a, 588, 589, 666, 672; adult data, 59, 97, 109, 
130, 210, 323, 392, 498, 628, 640; adult biometric, 19, 20, 43b, 46, 50, 
73a, 82, 105, 107, 108, 119a, 120, 122, 138, 150, 200, 202, 207a, 219, 221, 224. 
228, 239, 255, 271, 303, 303a, 342, 343, 346, 349, -374a, 376, 380, 383a, 
386, 430, 437, 440, 443, 445, 447, 455, 456, 466, 479, 492, 500, 502, 507, 
518, 521, 528, 556, 566, 580, 610, 611, 613, 616b, 623, 624, 625, 630, 646; 
cattle growth data, 63; dog biometric, 104; guinea pig growth data, 
45; opossum biometric, 263; rat biometric, 129, 246, 669; tadpole 
biometric, 461; turkey biometric, 331, 332 

hemoglobin: (see blood) 

hip width: (see pelvis width) 

history of statistics: economics, vital statistics and collection of data, short, 198, 
322, 367, 374, 425, 655, 656, 687; extensive, 307, 327, 363; mathematical 
approach, short, 101, 180, 308, 336, 514, 687; extensive, 58, 116, 617 

hookworm: egg count biometric, 89, 573, 591; infestation biometric, 85, 569, 591 

humerus: (see long bones) 

humidity: (see meterology) 

hydrogen ion concentration in blood: data, 242, 383, 392, 640 

hypophysis weight: man growth biometric, 103, 242; adult biometric, 500, 501a; 
guinea pig data, 45; rabbit biometric, 68, 69, 70, 404; rat biometric, 
129, 246, 247, 248, 249, 250, 251; turkey biometric, 331 


illiteracy: biometric, 420 

index numbers: accuracy and limitations, 184, 315, 373, 513, 563, 688; chapters in 
text books about index numbers, 77, 90, 102, 179, 306, 336, 364, 425, 513, 
563, 647, 649, 676, 687; correlation of indices, 66, 117, 204, 436, 438, 684; 
criticism against, 184, 373, 644, 645, 688; discussion of, 148, 208, 314, 
373, 647; frequency distribution of probable error of indices, 365, 371; 
nutrition and build indices, 24, 402, 548, 660; text book (economic), 
183; weighted means, 75, 143, 148, 435, 513, 647, 687 

infant feeding: breast fed, biometric, 160, 311, 402, 640; artificially fed, data, 206, 
biometric, 160, 402 

influenza: death rate and incidence, biometric, 417, 418 

inheritance: (all references biometric unless otherwise stated); ability, 456; age 
of death and age of mate, 15; alcoholism, 150; assertiveness, 456; 
athletic capacity, 456; blood group data, 572; bone defects, 586; coat 
color in grey hound, 28, 29, in horse, 448; color in mice and dark eye, 
126; deafness, 554; duration of life, 15, 34; eye characteristics of fly, 
693, human, 290a; eye color, 201, 448, 456, 466; fertility of man, 446, 
horses, 446, rats, 462, others, 305a; forearm length, 455; geographical 
location, 15; hair color, 456; handwriting, 456; health, 149; height, 
119a, 120, 150, 200, 203, 435, 440, 443, 455, 456, 466; insanity, 149, 215; 
intelligence, 30, 149, 555; mice genetic records data, 650; morals, 30; 
natural selection, 34; pigmentation, 149; sex ratio in rats, 319; span of 
arms, 455, 456; success, 149; temper and temperament, 149, 456; tuber- 
culosis, 215; vision keenness, 30; vivacity, 456; weight, 150, 348a, 466 

insanity: biometric, 149, 612, 678 

insulin effects on blood sugar: biometric, 499 
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integraphs: (see calculating machines) 

intelligence: biometric, 60a, 72, 88a, 149, 172, 213a, 277, 387, 459, 474, 480, 482, 

L 485a, 485b, 555, 675a; mathematics of, 484 

inter-acromial diameter: (see shoulder width) 

interpolation: (see statistics) 

intestinal flora: growth data, 178, 242 ; 

intestines, length and weight: man growth data, 178, 242, 640, biometric, 383a, 
540; guinea pig data, 45; rabbit biometric, 68, 69, 70, 404; turkey 
biometric, 331, 332; turtle biometric, 331b 

introspection: biometric, 456 

inverse probability: 33, 56, 101, 116, 433 

iodine treatment for goiter: biometric, 589 

isolation and exposure to risk: biometric, 154, 162, 334 

isometric graphs: 266 


judgment tests such as bisection lines, position bright line, sensitivity of hand 
and steadiness; biometric, 452, 521, 577, 670, 671 


kidney structures: data, 642a 

kidney weight: man growth data, 59, 110, 242; adult data, 59, 392, 640, biometric, 
225, 228, 383a, 437; fowl biometric, 576, 576a; guinea pig data, 45; 
rabbit biometric, 68, 69, 70, 404; rat biometric, 351, 352, 669; turkey 
biometric, 331, 332; turtle biometric, 331b 

kurtosis: 164, 425 


larynx: growth data, 178, 242, 389(a) 

law of small chances: 594, 657 

learning: biometric adult, 88a, 345a 

leg measurements: (see extremity) 

lethal dose: biometric, 621 

leucocyte: (see blood) 

life table: data for, 212; explanation of construction, 212, 268, 273, 387; history 
of, 238a, 273, 387, 656; examples of its use, 131, 233, 235, 236, 237, 275, 
330, 385, 620 

light: biometric, 70, 343b, 404, 483 

linear equation: 56, 193, 315, 425, 504, 510, 513, 567, 687 

lipoid: (see fat) 

liver weight: man growth data, 59, 110, 178, 242, 640, biometric, 539; adult data, 
59, 392, 640, biometric, 225, 228, 383a, 437; fowl biometric, 576, 576a; 
rabbit biometric, 68, 69, 70, 404; rat biometric, 129, 351, 669; turkey 
biometric, 331, 332; turtle biometric, 331b 

logarithms: (see tables) a. 

logic of statistics: (see probable error concept, sampling, statistics and scrutiny 
of statistical data); content and purpose, extensive, 316, 363, 639, 
short, 77, 101, 179, 197, 367 Vol. II, 387, 463, 579, 656, 667, 668, 687, 689; 
rationalization, 101, 180, 316, 387, 422, 425, 463, 579, 668; many ex- 
amples of rational approach, 179 

logistic equations: simple, 41, 64, 341, 423, 424, 506, 515; probable error of, 427; 
skew logistic, 341, 428, 505, 506; saturation curve, 505, examples, 505, 


long bones (including humerus, radius, ulna, fibula, tibia and femur): man growth 
data, 242; adult data, 392, 640, biometric, 207a, 437, 438, 439, 445, 470, 
471; aor biometric, 551; rat biometric, 129, 669; turkey biometric, 
332 

lung weight: man; growth data, 59, 178, 242, 389a, 640; adult data, 59, 392, 640; 
guinea pig data, 45; rat biometric, 129; turkey biometric, 331, 332; 
turtle biometric, 331b 

lymph nodes: man growth data, 242; rabbit biometric, 68, 69, 70, 404; rat bi- 
ometric, 129 
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malaria in birds: biometric, 601 

malnutrition: growth data, 155, 166; nutrition indices, 24, 402, 548, 660 

mammary gland: growth data, 242 

marriage: statistics, 387; duration of, biometric, 493 

mating records: mice data, 650 

mean: definition, 513, 687; equation, 77, 164, 308, 513, 687; computation technique, 
77, 193, 308, 315, 425, 513, 661, 687; probable error of mean and its 
derivation, 56, 75, 77, 99, 117, 193, 205, 308, 315, 513, 514, 595, 661; 687 

mean geometric: (see mean), 199, 345, 513, 636, 687 

mean weighted: 75, 143, 148, 435, 513, 647, 687 

mean deviation: definition, 77, 513, 687; equation, 77, 687; computation technique, 
56, 77, 513, 607 

mean square contingency coefficient: 73, 75, 111, 164, 315, 513, 661, 687; probable 
error of, 466a, 678 

measles: experimental in rabbits data, 560 

seen 2 + rae, biometric, 19, 73a, 85a, 271, 437; standardization 
of, 355 

meconium: growth data, 178, 242, 640 

median: definition, 77, 513, 687; equation, 513; probable error derivation, 205, 513, 
661; computation technique, 77, 425, 607, 687 

menstruation: data, 17, 78, 140a, 640 

mental capacity: growth data, 243; adult biometric, 31, 60a, 485b, 675a 

meteorology: (including barometric pressure, humidity, mean temperature, rain- 
i a ; data, 387, 392; biometric, 191, 198a, 361, 369, 524, 

? 

methods of fit: (see curve fitting) 

milk: cow data, 63, biometric, 217, 614, 615; human data, 178, 640 

minerals in body: adult data, 179, 392, 640 

mode: definition, 164 478, 513, 687; equation exact, 164, 478; equation approxi- 
mate, 513, 687; computation technique, 164, 425; probable error of, 675; 
distance from mean to mode, 425, 478 

moment equations: 164, 315, 425, 513 

morbidity: (see disease ) 

mortality: discussion of, 421 (see deaths and death rates) 

multiple births: data, 343a, 633 

multiple correlation: definition, 315, 513; equation, 77, 513, 687; computation 
technique and mathematics of, 56, 450, 513, 514, 661 

muscle weight: man growth data, 178, 242, 640; guinea pig data, 45; turkey 
biometric, 331, 332 

muscular effects: on pulse rate and blood pressure, biometric, 550; fatigue tests, 
108, 584, 671; athletic capacity biometric, 456, 459, 474, 584; muscular 
work biometric, 231, 234, 660, data, 568, 570 

muscular tests: handwriting biometric, 456, 459, 474; judgment tests biometric, 
452, 521, 577, 670, 671; muscular control biometric, 577; sense of balance 
biometric, 521, 671; strength of grip, growth biometric, 521, 584, 588; 
strength of grip adult, data, 498, 568, biometric, 16, 207a, 437, 479, 
521, 670, 671; other strength tests, growth data, 178, 498, biometric, 
22, 383a, 479, 521; adult biometric, 437, 521, 556, 671 


near point: growth biometric, 481, 482, 483; adult biometric, 671 

neck measurement: biometric, 588, 630 

newborn weight loss; data, 242, 640; biometric, 60 

nitrogen: (see blood and urine chemistry) 

nomograms and computing charts: chapters in text books, 179, 197, 266, 312, 338, 
357, 656, 661; text books of, 62, 390; examples, 52, 179 

normal curve: 13, 56, (best) 75, 91, 123, 142, 143, 146, 181, 193, 197, 308, 336, 388, 
425, 476, 514, 649, 661, 674, 687; mathematical relation of constants, 
513; examples of how it is fitted to observed data, 111, 164, 193, 368, 
513, 607; integration of, 308, 513 
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nose measurements: growth biometric, 279; adult data, 130, biometric, 82, 207a, 
_ 348, 491, 507, 528, 553, 611, 616b, 623; turkey biometric, 331 

nose cavity measurements: growth data, 178, 207a, 242 

nutritional indices: 24, 402, 548, 660 

nystagmus: biometric, 633a, 633b 


occupation: (see social status) 

ocular characteristics: (such as astigmatism, interpupillary distance, and near 
point) growth biometric, 481, 482, 483; adult biometric, 671 

oesophagus: (see esophagus) 

ogive: 77, 513, 607 

old age: biometric, 43b, 412 

opsonic index: biometric, 226, 227, 265 

ossification: biometric la, 529a : 

ovary weight: man growth data, 242, adult data, 640; guinea pig data, 45; turkey 
biometric, 331, 332 

oxygen: (see basal metabolism) 


pancreas weight: man growth data, 59, 178, 242, 640, biometric, 86; adult data, 
59, 640, biometric, 544; fow: biometric, 576, 576a; guinea pig data, 45; 
turkey biometric, 331; rat data, 266a 

pancreatic juice: growth data, 178, adult data, 392, 640 

paralysis, experimental: biometric, 564 

parathyroid weight: rabbit biometric, 68, 69, 70, 404; rat, 247, 248, 249, 251 

parent age: data, 633, biometric, 169, 170, 171, 172, 216, 309, 343a, 362, 492 

partial correlation coefficient; definition, 687, equation, 56, 77, 190, 368, 370, 425 
513, 514, 687; computation technique, 111, 370, 425, 513; experimental 
determination, 49; mathematics of, 450, 677, 682; probable error of, 189 

partial standard deviation: definition, 513, 687; equation, 77, 513, 514, 687; com- 
putation technique, 111 

Pearsonian frequency curves: 56, 75, 165, 197, 315, 425, 478, 513, 687 

pelvis bones: adult biometric, 125, 593 

pelvis measurements: width growth data, 242, 640, biometric, 22, 552; width adult 
data, 496a, biometric, lb, 19, 20, 73a, 224, 271, 343, 518, 528, 616b, 630; 
other pelvis measurements growth data, 242, 640; adult data, 496a, 
640, biometric, 271, 374a, 616b; height of pubic arch biometric, 630 

penis: growth data, 242 

percentage correlation: 398 

periodic variation: 57, 77, 368 

periodogram; (including fourier analysis) 75, 513, 579, 661 

permutations and combinations: 77, 308, 425, 513, 687 

personal equation: biometric, 230, 329, 431, 452, 481, 491, 584, 594, 598, 692 

personality: biometric, 149, 456, 459, 474, 612, 678 

phosphorous: (see blood chemistry) 

photographic publication: 7, 340 

photographs: superimposed biometric, 625 

physical defects: data, 629, 678 

physical efficiency: biometric, 108, 584, 660 

pigmentation: (see skin pigmentation) 

pineal gland: rabbit biometric, 68 69, 70, 404 

pituitary gland: (see hypophysis) ; 

placenta weight: growth data, 110, 178, 640; biometric, lc, 655a 

plasma volume: adult data, 313 

platelets: (see blood) . 

population: explanation, 324, 387, 413, 423, 690; growth data, 324, 413, 423, 631; 
equations, 324, 413, 423, 424, 690 

preservation of data: 7, 99, 340 

probable error: (see statistical constant whose probable error is desired, see 
tables); concept of, (this article) 75, 77, 164, 197, 315, 367, 425, 513, 514, 
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563, 649, 687; limitations of concept, 190, 203, 676, 687; formulae of 
various probable errors, 77, 306 308, 315 425, 478, 513, 514, 649, 687; 
— constants, 145, 164, 186, 301, 308, 315, 441, 478, 508, 514, 


probability: early work on subject, 44, 116, 123, 617; philosophy of, 141, 142, 147, 
__ 316 (text book), 367, 411, 422, 454, 463, 485, 486, 639 (text book), 667, 668 

probability integral: (see tables) 

probability paper: 656 

prostatic hypertrophy: biometric, 216 

proteins in body: adult data, 179, 392, 640 

proteins in blood: (see blood chemistry) 

publication by photography: 7, 340 

pulse rate: growth data, 242, 608, 640, biometric, 174, 255, 383a, 584, 588, 666; 
adult data, 140a, 392, 498, 608, 633b, 640, biometric, 2, 3, 4, 35, 78, 108, 
195, 255, 303, 303a, 479, 550, 660; fetal data, 640 

pulse wave velocity: data, 344, 608 


quartile deviation: definition, 513, 687; computation technique, 77, 513, 607, 687 


race: distribution and effects of; data, 5la, 124, 213a, 387, 631, 633; interracial 
correlations biometric, 475, 623, 624, 625 

radius: (see long bones) 

rainfall: (see meteorology) 

range: 434, 609 

rank correlation and Spearman’s footrule: 73, 75, 77, 315, 397, 460, 513, 606, 607 

rates: explanation of significance of equation rates, 65, 605; examples of rates in 
equations or trend lines, 41, 65, 134, 136, 343, 375, 535; growth rates, 
65, 375; rate paper, explanation, 182, 266, 337, 368, 387, 425, 563, 656; 
examples in use, 81, 243, 298, 387, 419, 421, 587, 601; rates in non-linear 
equations, explanation, 65, 179, 605; examples, 64, 136 

ratios: (see index numbers) 

rationalization: 101, 180, 316, 387, 422, 425, 463, 579, 668; with examples in, 179 

reaction to sight: biometric, 16, 253, 289, 326, 379, 437, 479 

reaction to sound: biometric, 16, 88a, 253, 289, 326, 379, 479 

reflexes: growth data, 178, 640, adult biometric, 627 

refraction: growth data, 640, biometric, 481, 482, 483; adult biometric, 671 

regression equations (linear): 56, 315, 425, 513, 687 

rejection of individual cases: 75, 101, 119, 179, 193, 214, 336, 364 

reproduction: (see fertility) 

respiration rate: growth data, 242, biometric, 584; adult data, 109, 392, 498 640, 
biometric, 35, 195, 479, 660 


saliva: growth data, 178, 242; adult data, 392, 640 

salts of body: growth data, 179; adult data, 392, 640 

sampling and induction: 77, 90, 101, 111, 142, 145, 186, 190, 197, 235, 308, 368, 687 

saturation equation: 505, examples 139a, 505, 542a, 543 

scale transformation: 512, 661 

Scandinavian frequency curves: 92, 144, 181, 197, 513, 514 

scarlet fever in children: biometric, 171, 387, 449, 529 

seasonal variation: in egg output of fowls, biometric, 113, 256, 257, 260, 409, 519, 
648; in births and deaths data, 198a, 387, 632, 633; in weight of man, 
592 

segmentation of frog egg: biometric, 305 : ; 

sense of balance: perpendicularity, biometric, 521, 671; judgment tests biometric, 
452, 521, 577, 633b, 670, 671 yb tf 

sex ratio: man data, 17, 387, 633, biometric, 170, 343a; rats biometric, 319, 399, 400 

Shick test: data, 282 

shoulder width: growth biometric, 43, 552; adult biometric, 19, 20, 43b, 46, 73a, 
207a, 224, 271, 343, 518, 528, 616b, 630 

sickness table: biometric, 162 
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sight, reaction to: biometric, 16, 253, 289, 326, 379, 437, 479 

sitting height: growth biometric, 25, 43, 85, 85a, 279, 383a, 389 (fetus), 521, 533, 
578a; adult biometric, 20, 22, 43b, 46, 73a, 84, 107, 108, 221, 271, 303a, 
343, 376, 383a, 518, 521, 528, 616b, 630, 646 

skeleton weight: guinea pig data, 45; rat biometric, 129 

skew frequency curves: fitted by Pearsonian method, 56, 75, 164, 197, 315, 425, 441, 
442, 449, 453, 478, 513, 514, 687; fitted by Scandinavian or Gram- 
Charlier method, 92, 144, 181, 197, 310, 513, 514; fitted by Edgeworth 
and others, 58, 144, 147, 512; equations for, 164, 180, 181, 315, 478, 513, 
514; examples of fitted curves to observed data, 217, 218, 362, 393, 408, 
410, _ 442, 449, 458, 492, 493, 554, 602; scale transformation to fit, 
512, 661 

skewness: definition, 164, 513, 687; computation technique, 111, 164, 368, 425 

skin: color man data, 130; complexion growth biometric, 584, adult data, 628; 
pigmentation growth, 151, 279, 612, data, 348; pigmentation adult 
biometric, 149, 207a; weight, man growth data, 242, 640, adult data, 
640; guinea pig data, 45; turkey biometric, 331, 332 

skull bones: growth data, 242; adult (modern times) data, 578, 640, biometric, 
40, 82, 87, 114, 222, 223, 390, 392, 437, 477, 553, 616; adult ancient times 
(see Biometrika), 290, 391 

slide rules: (see calculating machinery) 

smallpox and vaccination: biometric, 350, 626, 678 

social status: (includes environment of home, number of rooms, air space, wage, 
occupation, etc.) data, 387, 631, 633; biometric, 67, 152, 153, 155, 157, 
158, 159, 160, 161, 276, 277, 311, 334, 369, 377, 480, 483, 509, 634; size of 
family data, 387, 633, biometric, 152, 157, 158, 159; family environment 
data, 387; biometric, 157, 158, 159, 160, 161, 311, 480, 483 

sound, reaction to: biometric, 16, 253, 289, 326, 379, 479; pitch, 367a 

span: growth data, 521; biometric, 578a, adult 
521, 528, 616b, 630 

Spearman’s foot rule: (see rank correlation) 

specific gravity: (see blood); of all organs, adult data, 640 

spinal cord weight: man growth data, 59, biometric, 134, 136, 542a; man adult 
data, 59, 392, 640; guinea pig data, 45; turkey (chicken) biometric, 
331, 33la, 332 

spine: growth biometric, 85, 616c 

spleen weight: man growth data, 59, 110, 242, adult data, 59, 392, 640, biometric, 
225, 383a, 426; fowl biometric, 576, 576a; guinea pig data 45; rabbit 
a 68, 69, 70, 404; turkey biometric, 331, 332; turtle biometric 
331 

spurious correlation: 66, 117, 204, 241, 436, 438, 503, 662, 684 

squares: (see tables) 

standard deviation: definition, 513, 687; equation, 77, 164, 513; computation 
technique, 56, 77, 90, 111, 190, 308, 315, 368, 425, 513, 514, 607, 661, 687; 
probable error of, 77, 93, 94, 99, 164, 406, 513, 516; mathematies of, 56, 
77, 193, 205, 308, 315, 513, 514, 687; partial standard deviation defini- 
tion, 513, 687; equation, 77, 513, 514, 687; computation technique, 111 

standards: graphic method, 100, 368, 425, 563, 656; of measurements, 355; for 
statistical tables, 121, 562, 563 


biometric, 207a, 437, 455, 456, 


statistics: 

content and purpose: extensive, 316, 363, 639; short, 77, 101, 179, 197, 367 Vol. 
II, 387, 463, 579, 656, 667, 668, 687, 689 

definition: 26, 56, 77, 90, 190, 307, 425, 687 

history of: economics and vital statistics; short, 198, 307, 322, 327, 363, 367, 
374, 425, 655, 656, 687, extensive, 307, 327, 363; mathematical statistics; 
short, 101, 180, 308, 336, 514, 687; extensive, 58, 116, 617 

logic of: probable error concept, (this article) 75, 77, 164, 197, 367, 513, 514, 
563, 649, 687; limitations of, 190, 203, 676, 687; rationalization, 101, 180, 
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316, 387, 422, 425, 463, 579, 668; sampling and induction, 77, 90, 101, 111, 
142, 145, 186, 190, 197, 235, 308, 368 
scrutiny of statistical data: 56, 90, 111, 214, 306, 363, 606, 656, 676 
text books and articles: 
short articles similar to the present one, 99, 128, 194, 318, 359, 387 Chap. 
XLIII, 429, 654, 689 
more elementary text books or those concerned chiefly with considera- 
tion of basis data, 21, 90, 102, 111, 163, 205, 214, 306, 322, 397, 522, 606, 
607, 652, 655, 656, 676, 694 
texts best suited for physiologist, 77, 111, 118, 119, 164, 179, 315, 338, 
368, 425, 513, 563, 649, 661, 687 
more technical and mathematical text books, 51, 56, 73, 75, 79, 92, 101, 
or _ 181, 190, 193, 197, 198, 308, 336, 364, 366, 478, 513, 514, 523, 
18, 661 
text books for theorems and proofs necessary for mathematical statistics, 
(such as calculus of variation, central difference equations, deter- 
minants, algebraic and transcendental equations, finite difference, 
interpolation, etc.), 75, 179, 294, 364, 513, 661, 674 
stature: (see height) 
stem length: (see sitting height) 
sternum measurements: biometric, 46, 528, 630 
stomach: glands, growth data, 178, 242, biometric, 559; gastric juice, growth data, 
178, 242, 640, adult data, 392; weight man growth data, 59, 178, 640, 
biometric, 530, 531, 559; man adult data, 59, 640; guinea pig data, 45; 
rat biometric, 129; turkey biometric, 331, 332 
straight line: 56, 193, 315, 425, 504, 510, 513, 567, 687 
strength of grip: growth biometric, 521, 584, 588; adult data, 207a, 498, 568, 
biometric, 16, 437, 479, 521, 670, 671 
strength tests: other tests of, growth data, 178, 498, biometric, 22, 383a, 479, 
521; athletic capacity biometric, 456, 459, 474, 584; muscular work 
data, 568, 570, biometric, 231, 234, 383a, 660 
sugar: (see blood chemistry) 
suicide death rate: biometric, 369 
sunshine: (see meteorology) 
suprarenal weight: man growth data, 110, 242, biometric, 538; fowl biometric, 
576; guinea pig data, 45; rabbit biometric, 68, 69, 70, 404; turkey 
biometric, 331, 332 
surface area: man growth data, 24, 38, 178, 640, biometric, 58b, 255; adult bio- 
metric, 52, 53, 132, 255, 346; dog biometric, 104; cattle growth data, 63, 
622; rat biometric, 351; of brain, biometric, 279b 
susceptibility in children’s disease: biometric, 387, 529 
sweat: growth data, 178, 242; adult data, 392, 640 


tables: 
calculating tables for multiplication and division; 106; 
chi square (X?); (this paper), 190, 197, 478, 687 
computation aids and collection of algebraic, trigonometric, geometric, and 
calculus formulae; 294 
logarithms; 74, 88, 213, 272, 291, 325, 604, 638 
miscellaneous special statistical tables of value; (see Biometrika), 213, 478 
probable error of frequency distribution constants; 213, 478, 508 
probable errors for correlation and partial correlation coefficients; 370, 619 
probable error of a probability; 372 
probability integral function; this paper, 56, 75, 76, 90, 101, 111, 116, 119, 
197, 213, 364, 425, 478, 513, 565, 606, 607, 687 
squares and cubes; 26, 119, 213, 306 
tetrachoric function of four-fold table; 168, 335, 478 
tabulation aids: findex system, 48; punch card machinery, 21, 48, 51, 90, 139, 414, 
563; coding, 139, 414, 563 
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teeth: condition biometric, 509; dentition data, 178, 242, 392, 640; rat biometric, 
129 

temper and temperament: biometric, 149, 374a, 456, 459, 474, 468 

temperature: (see meteorology); of body in man; growth biometric, 666; adult 
data, 37, 673, biometric, 383a, 479, 660; dogs data, 392, biometric, 199; 
rabbit data, 560 

test of linearity: 73, 425, 513, 687 

testes weight: man growth data, 242, adult, 640; guinea pig data, 3la, 45, bio- 
metric, 245; rabbit biometric, 68, 69, 70, 404; rat biometric, 669; fowl 
biometric, 331, 576a; turtle biometric, 331b 

tetrachoric correlation: (see tables) 73, 164, 315, 478, 513 

text books: (see statistics and graphical methods) 

thigh measurements: (see extremity) 

three dimensional graphs: 266 

thymus weight: man, growth data, 59, 110, 242, 640, biometric, 238, 539, 542; 
adult data, 59, 640; guinea pig biometric, 245; rabbit biometric, 68, 
69, 70, 404; rat biometric, 129; status lymphaticus biometric, 238; 
turkey biometric, 331, 332 

thyroid: 

enlargement of; man growth data, 110, 242; adult data, 96; goiter incidence 
biometric, 387, 585, 587, 588, 589, 590 
weight in man, growth data, 110, 242; fowl, biometric, 576; guinea pig data, 

45; rabbit biometric, 68, 69, 70, 404; rat biometric, 119b, 129, 246, 247, 
248, 249, 250, 251; turkey biometric, 331 

tibia: (see long bones) 

time cycles or periodic variation: 56, 77, 90, 368, 473, 513, 661, 685, 691; periodo- 
grams, 75, 513, 661 

time trend: graphs, 425; use of rate paper in showing time trend, explanation, 
182, 266, 337, 368, 387, 425, 563, 656; examples, 81, 243, 298, 387, 419, 
421, 587, 601; correlation in time trend, 56, 77, 90, 368, 473, 513, 661, 
685, 691 

time variation: annual biometric, 257, 258, 260, 387, 408; diurnal variation, data, 
37, 527, biometric, 494, 584, 666; seasonal variation, in egg output 
biometric, 113, 256, 257, 260, 409, 519, 648, in deaths and births data, 
387, 632, 633, in weight of man, 592 

tobacco excess: biometric, 634 

tonsils: growth data, 242 

trachea: growth. data, 178, 242, 389a 

triangle graphs: (use in respect to diet planning), 266 

tuberculin tests: data, 328, 430a 

tuberenlosis: death rates, data, 387, biometric, 276, 430a, 497: incidence bio- 
metric, 387, 232, 328, 342 

typhoid fever: immunization biometric, 229, 360 


urea: (see blood and urine) 

ureter: growth data, 242 

urine chemistry: Ambard’s coefficient, 644, 645, 658; volume growth data, 178; 
adult data, 392, 640, adult biometric, 6, 658; urea, growth data, 178, 
242, adult data, 392, 640, adult biometric, 5, 658; other urine chemistry, 
adult data, 392, 640; biometric, 658 

uterus weight: growth data, 59, 242; adult, 59, 640 


vaccination in smallpox: biometric, 350, 626, 678 

vagina: growth data, 242, 640 

variant difference method: 474 

vessels: man growth data, 178, 242; rat biometric, 129 

visual acuity: growth data, 178, biometric, 481, 482, 483, 521; adult biometric, 16, 
289, 326, 343b, 479, 521, 577, 633b, 634, 670, 671; data, 179a 
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vital capacity: growth data, 165, 242, 568, 640, biometric, 22, 22a, 521, 581, 584; 
adult data, 109, 280, 392, 633b, 640, biometric, 16, 43b, 107, 108, 122, 
289, 303a, 346, 376, 380, 383a, 386, 437, 479, 500, 521, 556, 633a, 653 

vital index: 371, 419 

vital statistics: (see history) text books, 387, 656 

vitamin effect on growth: fowl biometric, 576; rat biometric, 399, 669 

vivacit y: biometric, 456, 474 

voice: biometric, 367a 


wage: (see social status) 

waist circumference: growth data, 599, adult biometric, 19, 46, 386, 630 

water pollution: data, 81, 633, biometric, 230 

weight: man growth data, 22, 24, 59, 63, 64, 110, 166, 178, 242, 568, 569a, 599, 637, 
640, biometric, lc, 22, 42, 43, 43a, 60, 85a, 115, 127a, 140, 151, 155, 243, 
261, 278, 279, 284, 287, 300, 347, 358, 377, 383a, 402, 480, 509, 521, 529, 
533, 536, 552, 578a, 588, 589, 666, 672; adult data, 59, 97, 109, 130, 323, 376, 
392, 498, 592, 628, 640, 655a; adult biometric, 19, 20, 35, 43b, 46, 73a, 
82, 107, 108, 122, 138, 150, 219, 221, 224, 228, 239, 255, 271, 303, 303a, 
311, 342, 346, 374a, 380, 383a, 386, 430, 437, 466, 479, 492, 500, 502, 518, 
521, 528, 544, 556, 566, 580, 616b, 625, 630, 646; cattle growth data, 
63, 64, 622; dog biometric, 104; fowl data, 63, 64, biometric, 551, 576a, 
chick embryo data, 378; guinea pig growth data, 45, 63, 64; mouse 
data, 64; opossum biometric, 263; pigeon data, 63, 64; rabbit data, 
63, 64, biometric, 68, 69, 70, 88c, 348a, 404; rat data, 63, 64, biometric, 
119b, 129, 246, .250, 266a, 351, 462; sheep growth data, 63, 64; swine 
growth data, 63, 64; turkey biometric, 331, 332 

weight loss in newborn: data, 242, 640, biometric, 60 

weighted mean: 75, 143, 148, 435, 513, 647, 687 


x-ray effects on rat: biometric, 400, 401. 
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